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Abstract
The increasing demand for large antenna systems in space, providing a higher gain over 
a concentrated area, has led to research into deployable antenna systems due to the volume 
restraints imposed by currently available launch modules.
A new 5.0m aperture diameter deployable skeletal antenna system, incorporating spring 
loaded joints and carbon fibre/epoxy structural members manufactured by the pullwinding 
technique has been conceived. An engineering model of the deployable system has been 
manufactured and analysed experimentally and numerically.
The prototype antenna was shown to offer significant advantages over previously developed 
skeletal systems in terms of fewer structural components and mechanical devices translating 
to reduced manufacturing costs and increased deployment reliability.
Experimental analyses undertaken for the manufactured prototype exhibited a non-linear 
dynamic response due to dimensional clearances in the energy loaded joints. The structure 
was linearised, thereby providing a more deterministic response, using an improved joint 
design which removed the possibility of any dimensional clearances in the joints.
Representative numerical models of the prototype antenna were successfully constructed 
and verified by comparison with the numerically predicted and experimentally measured 
natural frequencies and modes of vibration. These validated numerical models were used 
to model the energy supplied by the mechanical joints, to verify the deployment sequence 
of the antenna, to predict the stresses induced in antenna systems when the joints lock into 
their deployed configurations and finally to examine the dynamic response of the structure 
after deployment.
Deployment tests, using helium balloons and roller supports to simulate a zero gravity 
environment, validated the numerically predicted deployment sequence and proved the 
design concept.
Acknowledgements
The author would like to express his sincere gratitude to Professor L. Hollaway for his 
continual support, encouragement and supervision during the period of this research.
The author is also indebted to the Science and Engineering Research Council and British 
Aerospace Space Systems, Stevenage, for sponsoring the research and to Mouchel & 
Partners, Consulting Engineers, West Byfleet, for their financial support during the course 
of my studies.
Gratitude is also due to Mr. D. Cleaver for his skill, workmanship and continual good 
humour whilst manufacturing the deployable antenna. The author is also indebted to Mr. 
D. Hawkins, Mr. B. Inch and Mr. T. DiFranco for their aid in the workshop and to Mr. 
I. Rankin for his support during the experimental analyses.
Finally, and not least, I express my thanks to the many researchers whose time has 
overlapped with mine in the Composite Structures Research Unit, namely Mr. Tony 
Thome, Dr. Martin O’Neill, Dr. Don Sparry, Dr. Sherif Ab-El-Naby, Dr. Darren York, 
Mr. Kouroush Parsa and Mr. James Lee, for their friendship and discussions in the name 
of research, and more!
To Teresa,
to whom I cm indebted for her support and understanding.
Contents
Page No.
Abstract i
Acknowledgements ii
Dedication iii
Contents iv
Chapter 1 : Introduction 1
Chapter 2 : Literature Review
2.1 Introduction 4
2.2 Satellite Communications 4
2.3 Large Antenna Systems and Structures for
Space Applications 10
2.4 Deployable Antenna Concepts 12
2.4.1 The Reflecting Surface 14
2.4.2 Evaluation of Deployable Concepts 15
2.5 Materials 16
2.6 Deployment Dynamics 19
2.7 Dynamic Analysis 20
2.7.1 Numerical Analyses 21
2.7.2 Experimental Analysis 22
2.7.2 Comparison and Analysis of Experimental
and Numerical Modal Models 23
2.7.4 Nonlinear Structures 25
Figures 28
Chapter 3 : The Development o f The Deployable Antenna
3.1 Introduction 33
3.2 Selection of the Prototype for Development 33
3.3 The Deployable Concept 34
3.4 The Energy Loaded Joint 36
3.5 Qualification of the Structural Configuration 37
iv
3.5.1 The Design Parameters 37
3.5.2 The Reflecting Surface Geometry 38
3.5.3 The Backing Structure Geometry 39
3.5.3.1 Optimisation of the Antenna
Backing Structure 40
3.5.3.2 The Deployed Antenna 41
3.5.3.3 The Stowed Antenna 44
3.5.4 The Structural Configuration 46
3.6 Selection of Materials 47
3.7 Manufacture of the Deployable Antenna 48
3.7.1. The Structural Members 48
3.7.2 The Energy Loaded Joints 50
3.7.4 Bonding of the Joint Components to the
Carbon Fibre/Polymer Composite Tubes 51
3.7.5 The Node Assemblies and their
Respective Inserts 52
3.8 Comparison of New Deployable Concept with other
Deployable Antennas 52
3.9 Concluding Observations 55
Tables 56
Figures 67
Chapter 4 : Experimental Analyses
4.1 Introduction 83
Part A: Static and Strength Tests
4.2 Mechanical Properties of the Carbon Fibre
Epoxy Resin (CFRP) Tubes 84
4.2.1 Tensile Testing of the Pullwound Tubes 84
4.2.2 Compression Testing of the Pullwound
Tubes 86
4.2.3 Buckling Tests on the Pullwound Tubes 87
4.2.4 Torsion Tests on the Pullwound Tubes 87
v
4.2.5 Compression Strength Test for the
Pullwound Tubes 88
4.2.6 Tensile Testing of the Filament Wound
Tubes 88
4.2.7 Compression Testing of the Filament
Wound Tubes 89
4.2.8 Torsion Testing of the Filament
Wound Tubes 89
4.2.9 Discussion on the Mechanical Properties of
the Carbon Fibre/Polymer Composite Tubes 90
Part B: Experimental Modal Analysis
4.3 Experimental Modal Analysis 91
4.4 Hardware Description 93
4.5 Software Description 94
4.6 The Candidate Structures 95
4.7 The Support Conditions 96
4.8 The Perspex Model 96
4.8.1 Free-Free Support Conditions 97
4.8.2 Fully Fixed Support Conditions 100
4.9 The Carbon Fibre Tubes 101
4.10 The Composite Unit Building Block 101
4.10.1 Composite Unit Building Block with
Energy Loaded Joints 102
4.10.2 Composite Unit Building Block with
Continuous ’Articulated’ Members 103
4.10.3 Composite Unit Building Block with
Continuous Members 104
4.10.3.1 Free-Free Supports Conditions 105
4.10.3.2 ’Fully-Fixed’ Support 108
4.11 Measurement of Modal Damping Factors for the 
Composite Unit Building Block using an Acoustic
Noise Source 109
vi
4.11.1 Method of Analysis 111
4.11.2 Free-Free Support Conditions 112
4.11.3 Fully Fixed Support Conditions 113
4.12 The 5.0m Composite Antenna 114
Tables 119
Figures 134
Chapter 5 : Numerical Analyses
5.1 Introduction 162
PART A: The Finite Element Method
5.2 The Development and Analysis of a Numerical
Model 163
5.3 The Finite Elements 164
5.3.1 The Beam Element (ABAQUS-B31) 164
5.3.2 The Shell Elements (ABAQUS-S8R) 164
5.3.3 The Gap Element (ABAQUS-GAPCYL) 165
5.3.4 The Spring Elements (ABAQUS-SPRING2) 165
5.3.5 The Mass Elements (ABAQUS-MASS) 165
5.4 The Equations of Equilibrium 166
5.5 Numerical Techniques for the Solution of the
Equilibrium Equation 166
5.5.1 Eigenvalue Extraction-Subspace Iteration 167
5.5.2 Mode Superposition 170
5.5.3 Direct Time Integration 172
5.5.3.1 The Central Difference Method 172
5.5.3.2 The Hilber-Hughes-Taylor Operator 173
PART B : Numerical Analyses of the Structures Examined Experimentally
5.6 The Perspex Model 176
5.6.1 Free-Free Support Conditions 176
5.6.2 Fully Fixed Conditions 177
5.7 The Composite Models 178
vii
5.7.1 Numerical Modelling of the Composite 
Material Properties
5.7.2 The Carbon Fibre Members with and 
without End Components
5.7.3 The Composite Unit Building Block
5.7.3.1 Free-Free Support Conditions
5.7.3.2 Fully Fixed Support Conditions
5.7.4 The 5.0m Composite Antenna
5.7.4.1 Free-Free Support Conditions
5.7.4.2 Fully Fixed Conditions
5.7.5 The Flight Antenna
PART C: Numerical Analysis of the Deployment Process and the Effect 
of Joint Nonlinearities on the ’Post-Latch’Response for the Deployable Antenna
5.8 The Deployment Analysis
5.8.1 Numerical Modelling of the ’Pre-Latch’
Phase
5.8.2 Numerical Verification of the 
Deployable Concept
5.8.3 Calculation of Deployment Time and 
Deployment Shock
5.9 Analysis of the ’Post-Latch’ Response of the 
Deployable Antenna
5.9.1 Stress Analysis of the Manufactured 
Antenna in the ’Post-Latch’ Phase
5.9.2 Analysis of the Effect of Joint 
Non-linearities on the Vibration Frequencies 
in the ’Post-Latch’ Phase
5.9.2.1 Numerical Modelling of the Joint 
Clearances
5.9.2.2 Vibration Response of the Two 
Antenna Configurations with no Joint 
Clearances
5.9.2.3 Vibration Responses of the Two 
Antenna Configurations Including Joint
Clearances 200
Tables 206
Figures 215
Chapter 6 : Results and Discussion
6.1 Introduction 242
6.2 The Perspex Antenna in Free-Free Conditions 242
6.3 Perspex Antenna with Fixed Conditions 245
6.4 The Carbon Fibre Tubes with and without
End Components 246
6.5 Unit Building Block with Free-Free Conditions 247
6.6 Unit Building Block With Fixed Conditions 252
6.7 The Manufactured Antenna 254
6.8 Concluding Observations 255
6.9 The Effect of Joint Nonlinearities on the 
Response of the Composite Unit Building Block and
Antenna 257
6.10 Deployment Tests on the Manufactured Antenna 260
Tables 262
Figures 267
Chapter 7 : Conclusions and Recommendations fo r Future Work
7.1 Conclusions 303
7.2 Recommendations for Future Work 307
References 308
ix
Chapter 1 : Introduction
The advent of the space age in the 1960’s presented the opportunity to mankind to harness 
the vast expanse of the universe to his advantage. During the last three decades intensive 
research has been carried out in areas as varied as structures, communications, materials 
and fabrication techniques to exploit this new sphere of influence.
Large structures intended for solar power stations, experimentation platforms, space 
stations or antenna reflectors are classified as erectable or deployable. The former are 
launched in small modular units and assembled in orbit, while the latter are stowed in 
compact packages for launch and transfer to their respective orbits where they are deployed 
by potential energy stored in the stowed structure or by suitable external mechanical 
devices.
Deployable structures do not require any in orbit fabrication or extra vehicular activity 
(EVA) and are hence more cost effective than erectable or modular structures for the 
medium sized, (less than 20.0m diameter), reflectors which are envisaged for near term 
communication satellites.
The objective of this thesis was to conceive, design, analyse and manufacture a deployable 
antenna structure for spacecraft applications. To date the size of structures operating in 
space has been restricted by mass and volume constraints, imposed by the available launch 
modules, to approximately 3.0m in diameter.
The proposed concept is a skeletal system comprising carbon fibre reinforced polymer 
composite structural members joined together at node assemblies and deployed by a series 
of energy loaded joints strategically located throughout the structure.
The potential energy stored in the energy loaded joints is transferred to the structure as 
kinetic energy causing it to deploy. The structure is designed to be a single degree of 
freedom mechanism during deployment and once deployed the joints are locked to maintain 
the structure in its deployed configuration.
1
The high inherent stiffness of skeletal systems allied to the high specific stiffness, the 
potential for a tailored material design, and the excellent dimensional stability of carbon 
fibre reinforced polymer composite structural members yields structures of high stiffness 
and low mass which are ideal for space applications.
A 5.0m diameter prototype was manufactured to illustrate the deployable concept.
This thesis is divided into seven chapters including Introduction and Conclusions chapters.
Chapter 2 introduces the requirements and advantages of large reflector structures. 
Although the research undertaken is specific to reflector systems, the numerical and 
experimental analyses for the verification of the structural response and the numerical 
modelling of the deployment sequence are equally pertinent to the design and analyses of 
other deployable skeletal systems. The many different deployable concepts currently under 
investigation and those previously conceived are presented. The selection of materials for 
structures intended for application in the hostile space environment and the methods of 
structural testing, analysis and validation are discussed.
Chapter 3 describes the qualification and manufacture of the structural assembly. The 
proposed antenna is designed to satisfy design requirements for a potential flight antenna 
mounted on the Eurostar 2000 spacebus. The structural configuration is optimised to 
satisfy these requirements while maintaining a minimum mass and part count to reduce 
manufacturing and launch costs prior to comparison with other deployable concepts.
The experimental analyses pertinent to the manufactured structure are discussed in Chapter 
4. Static tension and compression tests were undertaken for the structural members to 
obtain the necessary material properties for inclusion in the numerical analyses. Modal 
surveys were undertaken for perspex models of the structure, a unit building block of the 
full scale structure and the manufactured structure. These results were used to validate the 
numerical models which were constructed and analysed in Chapter 5.
The numerical analyses are discussed in Chapter 5. Eigenvalue extraction analyses were 
undertaken for the models examined experimentally and also for individual structural
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members with and without joint components. These latter models were validated using the 
experimental results prior to inclusion in the numerical models of the complete structure. 
The deployment mechanism for the structure was analysed numerically and the effect of 
different joint clearance dimensions on the response of the structure when the joints lock 
into position were evaluated.
The numerically predicted natural frequencies and modes of vibration obtained using finite 
element eigenvalue extraction technique are compared to those obtained experimentally in 
Chapter 6.
The deployment tests on the manufactured antenna are also discussed in this chapter and 
the conclusions and recommendations for further research are presented in Chapter 7.
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Chapter 2 : Literature Review
2.1 Introduction
The launch of Sputnik I in 1957 and the Intelsat ’Earlybird’ communications satellite in 
1961 heralded the beginning of the space age and presented a fresh set of challenges and 
opportunities for scientists and engineers in areas as varied as advanced communications, 
material science, materials design, structures, structural analysis, structural design, 
manufacturing and fabrication technology, astronomy, earth/space observation and 
reconnaissance.
The most obvious civilian benefit of the continuing development of space technology over 
the past three decades has been in the communication industry.
2.2 Satellite Communications
Several techniques exist for the transmission of information over large distances, (Ploman, 
1984):-
(i) ’twisted pair wires’, the copper wires that are traditionally used for 
telephone networks,
(ii) ’coaxial cables’, these cables provide greater information carrying 
capabilities than the above and are generally used for television 
transmission,
(iii) ’microwave relay systems’, they provided until recently the major 
means of relaying long distance telephone calls and television 
transmission,
(iv) ’optical fibres’, these strands of glass are capable of carrying very 
high frequencies at speeds approaching the speed of light offering 
enhanced information carrying capacities,
(v) ’satellite communication systems’, the basic principle is that signals 
are transmitted to and from different earth stations via a space link.
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The inherent advantage of the satellite communication systems is the absence of numerous 
ground links. The microwave relay systems require the provision of ground stations to 
transmit information globally due to the effect of the earth’s curvature, the other methods 
require the provision of cables and/or fibres between ground stations. The satellite based 
systems, three of which are needed for global coverage, require only the provision of 
isolated receivers spread as required in the coverage area, (Horstein, 1984).
Using a satellite link the signals to transmit are fed to the nearest earth station, by any of 
the techniques above, where they are superimposed on a microwave carrier before being 
transmitted via the space link to the receiving station. Microwaves are extremely high 
frequency, > 1GHz, radio waves offering large data carrying capacities which can be 
focused into narrow beams. Focusing is accomplished by large parabolic dish antennas. 
At the earth station, in transmission mode, the microwave carrier with its attached signal 
information is focused into a narrow beam and directed up to the satellite. The satellite, 
a remote radio-repeater system, receives the transmitted beam and removes the signal from 
the microwave carrier, amplifies it, superimposes it on a microwave carrier of a different 
frequency and refocuses it for retransmission back to the appropriate earth station.
The frequency and periods of time for which the satellite link is visible to its earth stations 
depends on the orbit in which the satellite resides. An orbiting satellite is held in position 
by the gravitational attraction on its mass from the earth and the outward centrifugal force 
generated by its velocity. For circular orbits the relationship is given by, (Meadows and 
Parsons, 1989):-
G M m m v2
r2
where,
G = Newton’s gravitational constant (6.67xId11 Nm2 kg'2), 
M = Mass of the earth (5.976xlOfekg), 
m = Mass of the satellite, 
v = velocity of the satellite, 
r = orbital radius.
(2.1)
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The average velocity at which a satellite travels in a circular orbit is given by:-
v = z T r (2.2)
t
and by setting’t’ to twenty four hours the radius of the orbit in which the satellite remains 
stationary with respect to an earth observation point can be determined.
This orbit, called the ’geostationary earth orbit’, provides the permanent contact between 
ground stations and their respective space links required for twenty four hour television, 
telephone or radio links, and is the most important orbital path for earth communication 
systems.
Other applications such as observation of the solar system or deep space are better served 
by elliptical orbits where the earth’s gravitational field successively slings the satellite into 
space for observations, and in time draws it back at which stage the information gleamed 
at its furthermost point can be relayed back to earth.
The fundamental components of the satellite link are discussed below and comprise:-
(i) Communication/electronic subsystem
This is the heart of the satellite and is responsible for the reception and transmission of 
signals. The subsystem consists of a set of electrical circuits designed to receive incoming 
signals, amplify them and change their carrier frequencies for onward transmission.
(ii) Power subsystem
The power system supplies power to all circuits and actuators. The power system typically 
includes solar arrays that convert sunlight directly into electrical energy and backup 
batteries for use during launch prior to deployment of the solar arrays and during solar 
eclipses.
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(iii) Telemetry, tracking and command/control subsystem,
The telemetry system transmits data from on board sensors that monitor the satellites 
operation. The tracking system located in the earth station monitors the satellites velocity 
and position.
The command system acts on this information to maintain correct positioning and attitude 
of the satellite, controls the antenna beam direction and communications circuitry to cater 
for changes in traffic density. During launch it is used to fire thrusters to place the satellite 
in the correct orbit and when its design life is exceeded it closes down the electrical circuits 
and fires the thrusters to remove the system to another orbit.
(iv) Attitude and orbital control subsystems,
This system actuates the on board systems to make corrections to move the satellite back 
into its correct orbital position when external forces cause it to drift and also actuates small 
jet thrusters that control the attitude and stabilisation of the satellite to ensure the antennas 
are always pointing in the correct direction.
(v) Antenna subsystem.
The antenna subsystem is used to transmit and receive signals. Wire monopoles/dipoles 
operating at VHF or UHF are used for telemetry, tracking and command processes.
Horn antennas are used for relatively wide angle beams for global coverage at microwave 
frequencies, (SHF), and parabolic dishes fed by one or more horns are used to provide 
narrower beams illuminating specific areas.
Parabolic dish antennas, in transmission mode, fed using a horn antenna reflect and 
collimate the incident radiation into a narrower beam. In its reception mode the incident 
radiation illuminating the antenna is directed into the horn, usually situated at the focus of 
the paraboloid of the antenna, which acts as a collector.
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The important parameters associated with a parabolic antenna are its effective aperture, 
gain and radiation pattern, (Meadows and Parsons, 1989).
The effective aperture is the equivalent area of a antenna that effectively absorbs all 
radiation incident on it:-
Ae = a A (2.3)
where,
A* = effective aperture,
A = physical aperture area and,
a = the illumination efficiency, typically 0.56 for parabolic antennas.
The antenna gain is a measure of a antennas ability to transmit/receive radiation in a given 
direction and is defined with reference to the gain of an isotropic antenna which radiates 
equally in all directions,
G = — (2.4)
Pt
where,
G = antenna gain measured in dB,
Pr = power density radiated by the antenna in a given direction and,
Pi = power density of an isotropic antenna fed with the same power.
The effective isotropic radiated power (EIRP) is the product of the antenna gain, G, and 
the total power, Pt, radiated by the antenna and is measured in dBWs.
EIRP = G P, (2.5)
For a parabolic antenna the gain and effective areas are related by:-
G = a ( i £ )  A (2.6)f}2
where,
8 = microwave frequency.
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The radiation pattern for a parabolic antenna is shown in figure 2.1 and a quantitive 
measure of the directivity of a antenna is taken as the half-power or 3bB beamwidth as 
shown.
The relationship between antenna gain and effective aperture shows that an increased gain 
can be achieved for a given microwave frequency by increasing the size of the antenna. 
Larger parabolic antennas can therefore be used to concentrate the reflected beam over a 
smaller area.
The increased gain at the receiving station reduces the size and power requirements for 
ground based receivers which is particularly attractive to mobile users and the narrower 
reflected beam offers the potential for coverage to selected areas only for communication 
or reconnaissance missions.
Intensive research in each of these fields over the past three decades has led to the design, 
manufacture and launch of numerous communication satellites, (Meadows and Parsons, 
1989; Jansky and Jeruchum, 1987; Ploman, 1984).
The inherent properties of parabolic antenna systems has led to an increasing demand for 
larger systems providing higher gains over smaller areas, (Hollaway et al., 1991). The 
antenna for the Orbital Test Satellite (OTS), launched in 1979, for European 
telecommunications was 0.6m in diameter. The Maritime Communications Satellite 
(MARECS), launched in 1983, for the European Space Agency (ESA) had a 2.0m aperture 
diameter antenna and most of the current Eurostar systems’ antennas are 2.5m in diameter. 
The antennas used for Intelsat VI, launched in 1987, are 3.6m in diameter and are likely 
to be the largest solid reflectors capable of being launched because of the volume restraints 
imposed by current launch vehicles.
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2.3 Large Antenna Systems and Structures for Space Applications
Card and Boyer, 1980, recognised the potential of large antennas and structures for space 
applications. The reduced launch costs associated with the development of reusable 
spacecraft led to investigations into space colonization, satellite solar power stations, large 
utility platforms and antennas.
The envisaged increase in launch capacity from 30,000kg to an expected 60,000kg using 
the shuttle launch module and the estimated $35-$50 billion that will be spent by the year 
2000 on satellite communication hardware led to the conception of NASA’s ’Geostationary 
Communications Platform Program’, (Ramler, Durrett and Marshall, 1984). The program 
focuses on the use of large platforms in space supporting telecommunication antennas, solar 
power generators and experimental facilities for space based research programs.
The restricted cargo carrying capacities of the currently available launch modules and the 
desire for large structures in space provided the incentive for the examination of new 
structural concepts for space applications.
Large structures currently being investigated for space applications can be classified as:-
(i) Deployable structures
Deployable structures are folded into a compact stowed configuration for launch and 
transfer into orbit where they are deployed into their operating configurations. Deployment 
is achieved by releasing potential energy stored by the structure in its stowed configuration 
or by external means such as electrically driven motors or inflating devices.
(ii) Erectable structures
The constituent elements of an erectable structure are stowed in the launch module for 
transfer into orbit where the structure is fabricated by astronauts or specifically designated 
robots.
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(iii) Part deployable/erectable structures
Extremely large structures may be launched and deployed in modular units before 
assembling the complete structure in space either by extra vehicular activity (EVA) on 
behalf of the astronauts, or using specifically designated robots.
In studies for the design, construction and utilization of a space station manufactured from 
5.0m erectable struts, Mikulas and Bush 1986 concluded that although deployable trusses 
are attractive because they avoid the necessity for EVA, they may be limited in size due 
to vehicle restraints. Erectable systems also allow greater flexibility in the architecture of 
large structures but are less attractive because of the relatively large periods of time 
required for in-orbit construction, typically 7-9 minutes per strut, (Card and Boyer, 1984).
Development tests, for NASA, of a mobile transporter (MT) concept, (Watson et al. 
1990), where the astronauts who are fixed to the MT, which moves along successively 
assembled units of a truss, were observed to achieve average strut assembly times of 28 
seconds, make this type of semi-automatic truss building more viable for large structures 
in the future.
Deployable systems, provided that the stowed structure is compatible with the volume 
restraints of the launch module, remain the most attractive technique of providing the 
medium size structures, typically less than 20.0m diameter, required for antenna 
communication systems in space. They can be quickly unfurled into their operating 
configurations, the launch and mission costs are lower as they avoid the need for intricate 
and heavy machines to aid fabrication and furthermore, the difficulties of moving structures 
with large inertias and the dangers to human life inherent to EVA are avoided.
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2.4 Deployable Antenna Concepts
Deployable antenna concepts currently under investigation can be broadly classified as:-
(>) radial-rib systems,
(ii) spin-stiffened systems,
(iii) hoop-column systems,
(iv) inflatable systems,
(v) folding plate systems and,
(vi) skeletal systems.
(i) Radial rib systems
Radial rib deployable systems characterised by radial hinged rib members supported at a 
central hub, deployed by spring loaded joints located at the hub and at the mid points of 
the rib members and employing a reflective mesh spanning between the outer ends of the 
rib members and the central hub have been developed by NTT Electrical Communications 
Laboratories, Japan, (Itanami, Minomo and Ohtomo, 1988), Lockheed Missiles and Space 
Co., U.S.A., (Roederer, 1989), and MBB/ERNO GmbH, Germany, (Heinze, Herbig and 
Vorbrugg, 1986) with aperture diameters of 3.5m, 4.8m and 5.0m respectively. The MBB 
system is illustrated in figure 2.2.
(ii) Spin-stiffened systems
The Lockheed Missiles and Space Co. is currently investigating the potential of an antenna 
concept whereby the forces of rotation are used to deploy and dynamically stabilise a thin 
reflective membrane. A 1.0m prototype is being developed to investigate the spin 
dynamics and evaluate the concept.
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(iii) Hoop-column systems
This concept was developed by the Harris Government Systems Group, (Sullivan, 1982), 
and is intended for antenna systems up to 300m in diameter. A deployable central column 
and a large diameter jointed hoop are the compression members which maintain the tension 
in a cable network supporting the reflective mesh. The folded hoop is wrapped around the 
central hub in the stowed configuration and deployment is driven by extension of the 
central column and the action of energy loaded joints situated at the hoop hinges, figure 
2.3.
(iv) Inflatable space-rigidized systems
Contraves, Switzerland, in conjunction with the European Space Agency, (Bernasconi, 
1986, Bernasconi and Reibaldi, 1986 and Bernasconi, 1987) proposed a system whereby 
the antenna, comprising a metallized membrane reflecting surface, a dielectric membrane 
surface and a stabilising torus are deployed by controlled inflation and cured by solar 
heating, figure 2.4.
The main disadvantage of this system, which led to termination of the research, arose from 
any structural loading experienced by the structure prior to completion of the curing phase; 
this caused irreparable distortion of the reflecting surface membrane.
Natori et al., 1990, following the above concept, propose using modularised skeletal units 
supporting an inflatable membrane, figure 2.5, which acts as the reflective surface and 
thereby providing structural support during the curing phase.
(v) Folding plate systems
The FIRST (Far Infrared and Submillimeter Space Telescope), figure 2.6, 3.5m aperture 
diameter reflector developed by Domier Systems GMBH, (Abt, 1989) consists of inclined 
truss backed panels configured around and hinged at a central solid dish. Deployment is 
achieved by rotation of the dish causing the panels to fall from their vertical stowed 
configurations.
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(vi) Skeletal Systems
Truss based skeletal systems have been developed by Aerospatiale, France, (Labruyere, 
Passeron et al., 1986) and by General Dynamics Space Systems (GDSS), U.S.A., (Dyer 
and Dudeck, 1986), figures 2.7 and 2.8 respectively.
The Aerospatiale modules comprise two parallel spoked hexagons whose corresponding 
nodes are joined by crossing bars. The stowed configuration is achieved by folding the 
tubular hexagon members, hinged at their centres and at each end, into a configuration 
where the folded members become parallel to the crossing bars resulting in a cylindrical 
stowed structure.
The GDSS system is based on a deployed tetrahedron unit building block comprising three 
articulated and three non-articulated members.
Both systems employ a gold plated molybdenum woven mesh, supported by a catenary 
network, attached to the node points of the structure.
2.4.1 The Reflecting Surface
The nature of the reflecting surface and the accuracy to which it must represent the desired 
parabolic surface is primarily dependent on the frequency wavelength for which the antenna 
is intended.
In the radio and microwave frequency range the reflector must exhibit a root mean squared 
accuracy of one-hundredth of a wavelength. Inaccuracies in the surface position can result 
in loss of gain, distorted radiation pattern and high side lobes, (Hedgepeth, 1984).
Reflective surfaces can be classified as woven mesh surfaces or continuum surfaces.
Woven mesh surfaces using metallic fibres plated with a high-conductivity material, such 
as gold, have been developed and illustrated to achieve the required accuracies by
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Aerospatiale, (Labruyere, Passeron at al., 1986), GDSS, (Dyer and Dudeck, 1986) and 
MBB, (Heinze, Herbig and Vorbrugg, 1986) for antennas operating at 3-30GHz, <30GHz 
and 850MHz respectively.
The usefulness of mesh surfaces is restricted to wavelengths many times greater than the 
mesh spacing. The GDSS mesh is knit from 1.2 thousandths of an inch diameter, gold 
plated molybdenum monofilament wire with a 0.045-inch maximum dimension hole size. 
Typically reflective meshes can be employed up to about 30GHz beyond which membrane 
surfaces are required, (Hedgepeth, 1986).
The technology associated with the folding of membrane surfaces is still immature, 
(Hedgepeth, 1989). Continuum surfaces offering enhanced reflective surface accuracy are 
generally confined to smaller antenna systems operating in the optical range of the 
frequency spectrum.
2.4.2 Evaluation of Deployable Concepts
The essential design drivers for deployable antenna systems can be summarised as follows, 
(Bemasconi and Reibaldi, 1986; Dubel, J.F., 1986; Dyer and Dudeck, 1986; Hedgepeth, 
1989; Kitamura, Natori, Yamashiro and Obato, 1990; Takamatsu and Onoda, 1991; 
Mikulas, Collins and Hedgepeth, 1991):-
(i) minimum mass and stowed volume to reduce launch costs,
(ii) natural frequencies in the stowed and deployed configuration above
given threshold levels to ensure the antenna is dynamically isolated 
from its supporting spacecraft,
(iii) sufficiently accurate reflective surface profile,
(iv) reliable deployment mechanism with a minimum number of simple 
mechanical devices avoiding the necessity for motorised 
components,
(v) low part count and high element homogeneity to minimise 
manufacturing costs and,
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(vi) good dimensional and thermal stability in the space environment.
Comparative analyses undertaken by Freeland, 1983, Andersen and Garrett, 1985 and 
Roederer and Rahmat-Samaii, 1989 have identified the truss based skeletal systems as the 
most attractive antenna systems for communications systems demanding good reflective 
surface accuracy up to K-band, (16GHz).
Skeletal systems have a number of advantages, namely, high structural strengths and 
stiffness due to the truss depth, easy division into smaller modules, a high degree of 
redundancy for large systems which reduces the effects of single members failure, and a 
number of hard points for the attachment of the reflective surface.
The technology associated with the development of deployable skeletal antennas is 
furthermore directly applicable to the design and deployment of large space platforms and 
support structures for solar arrays which are envisaged for the future.
The radial rib antennas become quickly penalised by increasing structural mass for large 
diameter systems due to the increased rib cross sectional areas required to provide 
sufficient structural stiffness. The MBB 5.0m aperture diameter radial rib system has a 
total structural mass of 46Kg compared to 24Kg and 27Kg respectively for the GDSS and 
Aerospatiale skeletal systems.
The inflatable and folding plate structures offering the potential of extremely high reflective 
surface accuracy, which cannot be achieved using mesh systems, are best suited to 
operation in optical range of the frequency spectrum.
2.5 Materials
The unique combination of high specific stiffness and strength, good dimensional stability, 
high damping capacity and the possibility of a tailored material design associated with fibre 
reinforced polymer composite systems represents an ideal material for space applications.
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Composite material systems based on carbon fibres and epoxy matrices, thermosets, have 
been extensively used for spacecraft applications, (Milkovich, Herakovich and Sykes, 
1986), and a broad literature base has been developed for this material, (Maiden et al., 
1985, Sykes and Bowles, 1986).
The early 1980’s saw the development of advanced thermoplastics matrix systems, (Rigby, 
1982), offering significant advantages over the traditional epoxy resins. Thermoplastics, 
requiring only heat for processing, offered the possibility of reduced processing costs and 
furthermore removed any responsibility for the chemistry of the system from the 
component manufacturer. Additionally thermoplastics offer unlimited shelf-life, 
reformability and enhanced performance in fracture toughness and damage tolerance, 
(Chang, 1992).
Barnes and Cogswell, 1989, identified the basic criteria for a wholly space-resistant, space- 
tailored composite as follows:-
(i) radiation resistance,
(ii) thermal stability and fatigue resistance to minimise the effect of
repeated thermal cycling,
(iii) vacuum stability,
(iv) high specific strength and stiffness.
Sykes, Funk and Slemp, 1986, compared the effect of a simulated space environment on 
selected thermoplastic and thermoset carbon fibre composite systems. The materials were 
thermocycled and exposed to an equivalent of thirty years radiation exposure at GEO. The 
aerospace thermosets witnessed a 10% reduction in modulus of elasticity compared to an 
increased modulus for a polyetheretherketone (PEEK) based thermoplastic. The reduction 
in toughness and failure stress were typically of the order 10% for both materials.
The primary effect of the space environment vacuum on epoxy systems is to cause 
outgassing of absorbed moisture and volatiles retained during the polymerisation process. 
The total mass loss is typically 0.35%-0.9% compared to 0.02% for the PEEK based
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thermoplastics. The absence of a cure phase in the thermoplastics results in no unreacted 
volatiles and minimum water absorbtion.
The fibre dependant specific stiffness and strength properties are similar for both systems.
Although the recently developed thermoplastic resins offer improved resistance to in-orbit 
environmental conditions the application for which a material is required may also influence 
the selection of resin type.
The fabrication techniques for series production of thermoplastics, (Offringa, 1992), 
namely thermofolding, deep-drawing, press-forming and transition moulding, are most 
appropriate for plate type structures and elements.
The high viscosity of thermoplastic resins means that the technologies most appropriate for 
the cost-effective automated manufacture of tubular carbon fibre/resin members for skeletal 
structures, namely pultrusion, filament winding, and more recently pullwinding, (Hollaway, 
1986), are not viable options.
Curran, 1988, describes the manufacture of carbon fibre/matrix tubular members using the 
filmstacking technique, (Philips LN, 1980), with a polyetheretherketone (PEEK) 
thermoplastic resin. The PEEK prepreg proved too brittle to wrap around a mandrel 
smaller than 50mm diameter, resulting in uneconomically sized members.
Hollaway et al., 1990, identified 25mm to 30mm diameter tubes as the most economic in 
terms of stiffness and packing dimensions for deployable truss based systems with member 
lengths up to 2.0m.
Hollaway et al., 1990, described the manufacture of a 25.0mm diameter tube using the 
same manufacturing technique with a polyethersulphone (PES) matrix.
Although it has been shown that suitably sized tubular members can be manufactured using 
a thermoplastic resin matrix the techniques employed are not as cost effective as those 
established for the epoxy based systems, (Carlsson, 1991).
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The American National Advisory Board for Materials, (Brown, 1990), identified the need 
for inexpensive large scale manufacturing technologies before thermoplastics justify their 
label of "material of the nineties". Research is continuing in this field and General 
Electric’s recent announcement that it will be about five years before their chemical 
method, of making "normally viscous thermoplastics run like epoxy or light machine oil", 
is available commercially means that in the near term epoxy based systems will continue 
to be used for truss based structures.
2.6 Deployment Dynamics
The main purpose in analysing the deployment dynamics of an antenna is to select and 
verify an appropriate set of kinematic conditions such that the system can be successfully 
deployed.
There is in general no backup antenna in satellite communication systems due to launch 
weight and volume considerations and it is hence imperative for the antenna subsystem to 
deploy correctly thus enabling the satellite to receive and transmit signals. The complexity 
of the deployment mechanisms and the antenna concept should hence be kept to a 
minimum.
Misawi and Yasaka, 1988 have considered experimentally the effect of driving torque and 
friction torque on a spring loaded antenna deployment mechanism (ADM) suitable for a 
hinged interface between a solid reflector structure and its supporting spacecraft. The 
results showed a wide variance between friction and driving torques for different ADM’s 
which are attributed to varying manufacturing tolerances and spring stiffnesses resulting 
from the heat treatment process necessary for their manufacture.
Gantes, Connor et al., 1989 and 1991, divide deployable skeletal structures into two 
categories according to the stress states in their stowed, partially deployed and deployed 
configurations. The first class of structures are stress-free in the folded configuration, 
during deployment and in the deployed configuration. The second class is again stress-free 
in the stowed configuration but develops stresses during deployment and maintains residual
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stresses in the deployed configuration. The authors argue that although the load bearing 
capacity of the second class of structures is reduced due to the residual stresses the first 
class of structures behave as mechanisms during the deployment process and therefore need 
to be restrained by external devices.
The difficulty in predicting the exact forces supplied by the deployment mechanisms, 
experienced by Misawi and Yasaka, 1988, will however make the exact state of stress in 
the deploying structure and the residual stresses of the deployed structure impossible to 
determine accurately and furthermore, an uneven distribution of deployment forces may 
generate greater strains in certain areas which could prevent successful deployment.
The optimum solution, employed in the conception of the deployable system during this 
investigation, is to configure a deployable structure so that it is stress-free in the stowed 
configuration, during deployment and in the deployed configuration and additionally such 
that the geometry of the structure provides inherent restraint during deployment thereby 
assuring that a single transition path between the stowed and deployed configurations exists 
for any combination of deploying forces at the energy loaded joints.
2.7 Dynamic Analysis
In the absence of significant gravitational forces of attraction in the space environment 
vibrations incurred during the launch, deployment and operation phases of a structure’s 
lifetime are the most important loading considerations. The numerical prediction of the 
response of a structure to a set of vibration loads demands an accurate knowledge of its 
dynamic characteristics.
Whenever possible structures intended for space applications are ground tested before 
flight. However it is often not possible to simulate the space environment in the earth’s 
gravitational field, (Wada, Kui and Glaser, 1986), and in these instances the structure is 
examined numerically.
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In this investigation the deployment tests for the manufactured model required roller 
supports at certain node points at ground level to counteract the earth’s gravitational 
attraction on its selfweight. These nodes remain in the same plane during deployment and 
hence the use of roller supports is justified for this phase but, once the structure has 
deployed and the joints latch into position the vibration response of the structure is affected 
by the additional supports and hence the response in the zero gravity space environment 
must be predicted numerically. The reliability of these predictions is dependent on the 
manner in which the numerical models can represent the actual structural response.
The theoretical analyses of linear structures is founded on the principle of mode 
superposition, (Meirovitch, 1989, Thompson, 1978 and, Clough and Penzien, 1975). 
Linear structures are characterised by a unique set of natural frequencies and associated 
modes of vibration and damping factors which, using the principle of mode superposition, 
can be combined using suitable amplitude terms to predict the response of a structure to 
any set of time dependent loading conditions.
Mathematical models of the dynamic characteristics of a structure are hence validated by 
comparison of the numerically predicted frequencies and modes of vibration with those 
obtained using experimental techniques. The principle of mode superposition can then be 
implemented to numerically predict the response of the system, using the validated natural 
frequencies and modes of vibration, due to any set of known excitation forces.
2.7.1 Numerical Analyses
The finite element method, (Bathe and Wilson, 1976 and Zienkiewicz and Taylor, 1988) 
whereby the continuum structure is idealised by a series of discrete elements, to which are 
assigned appropriate material and geometric properties, interconnected at node points only, 
is the most versatile numerical analysis technique. The stiffness and mass formulation for 
the respective elements employed in the modelling process are assembled to form the 
overall structural stiffness and mass idealisations which are included in the governing 
equations of equilibrium prior to solving for the natural frequencies and modes of vibration, 
(cf. Chapter 5).
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O’ Neill, 1989 and Sparry, 1991 compared the natural frequencies for non-jointed 
composite material skeletal structures to experimental results to good effect using this 
technique.
The often periodic nature of large space structures has led to the investigation of more 
efficient approaches for the prediction of the natural frequencies and modes of vibration for 
these systems.
Nagamatsu and Ookuma, 1981 and Charron, Jha et al., 1986 described the analyses of 
periodic structures using the component mode synthesis method. The essence of 
component mode synthesis is that compatibility requirements between adjacent 
substructures, whose dynamic characteristics have been determined experimentally, are 
used to assemble the response of the complete system.
Blackwood and Flotow, 1988 showed that although the technique is well founded in theory 
the difficulty in assigning correct compatibility requirements between the substructures can 
lead to errors in the prediction of the response of the complete system except in the case 
where the component to component connections are absolutely rigid.
This technique is however attractive for the analyses of large erectable structures, 
assembled in orbit by EVA, as the jointing mechanisms between the substructures can be 
designed, on earth, to provide complete transfer of moments and forces.
2.7.2 Experimental Analysis
Experimental techniques for the determination of the dynamic characteristics of a system 
can be classified into time domain methods, frequency sweep methods or phase resonance 
methods, (Smith and Woods, 1972).
Ibrahim, 1985 discusses time domain modal test methods and applications. The method 
uses the free decay time response of a structure and the principle of mode superposition 
which states that the time response of a structure is a linear combination of a system’s
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eigensolutions. These techniques are particularly attractive for the examination of the in 
orbit response of a system, where the time domain response can be recorded by the satellite 
system and communicated to an earth station for analysis.
The frequency sweep or single-point excitation techniques, (Ewins, 1979 and 1984 and 
Ewins and Sidku, 1984), are similarly based on the principle of mode superposition; the 
candidate structure is excited by a predetermined frequency dependant forcing function at 
a single point while its response is simultaneously recorded, in the time domain, at 
strategically located measurement points. The measured data is transferred to the 
frequency domain where the natural frequencies, modes of vibration and modal damping 
factors can be determined.
Phase resonance or multi-point excitation techniques, (Craig Jr. and Su, 1974) employ a 
series of monophase mechanical shakers to excite the structure in each mode in turn. This 
method requires prior knowledge of the natural frequencies and modes of vibration of the 
system in order to tune the applied forcing functions, at resonance, to each mode shape.
The time domain methods are best suited for in service analysis of the response of a 
structure while the latter techniques offer greater control over the forcing function and 
provide a more complete definition of the dynamic characteristics of a system.
2.7.2 Comparison and Analysis of Experimental and Numerical Modal Models
The modal model of a structure comprises natural frequencies, mutually orthogonal modes 
of vibration and modal damping factors, (Brebbia et al., 1985). The self compatibility of 
a set of mode shapes is dependent on their orthogonality characteristics. The numerically 
predicted modes of vibration, obtained using eigenproblem solution techniques, are by 
definition orthogonal. Experimentally determined modes of vibration may, however, be 
corrupted by the attachment of the experimentation hardware or by difficulties in achieving 
complete modal separation.
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Targoff, 1976 classified the deviation from orthogonality of a set of mass-normalised 
measured mode shapes in terms of the degree of coupling between the respective modes 
and proposed altering the measured mode shapes to obtain a more orthogonal set by 
dividing the error in the orthogonality matrix between the measured modes. Rodden, 1977 
argued that greater credibility should be assigned to the lower measured modes of a 
structure. Both Targoff and Rodden assumed that the mass matrix, across which 
orthogonality is assessed, is known accurately and the corrected mode shapes are finally 
compared to those predicted numerically.
Baruch and Itzhack, 1978 developed a method of combining the measured mode shapes, 
(corrected by Targoff, 1977) and the numerical stiffness matrix to generate a new stiffness 
matrix which is based on the original matrix and yields the corrected mode shapes on 
solution of the eigenproblem.
Berman, 1979 assumed that the measured mode shapes were exact and corrected the mass 
matrix to achieve orthogonality; the updated mass matrix is then included in further 
numerical analyses.
Kabe, 1985 identified that the updating of the stiffness and mass matrices outlined by the 
authors above may lead to elements in the adjusted stiffness and mass descriptions which 
are inconsistent with the problem under consideration and proposed that in addition to the 
measured mode data the structural connectivity should also be considered and that all values 
in the original stiffness matrix with values of zero must retain this value in the adjusted 
matrix.
Chen, 1990 proposed using the experimental mode data to identify and locate modelling 
errors in the numerical analysis. The product between the flexibility matrix, (the inverse 
of the stiffness matrix) assembled from the measured modes and the original stiffness 
matrix is calculated; modelling errors are characterised and located by non-unit vector 
columns in the resultant matrix.
McCulloch, Vanhonecker and Dascotte, 1990 argue that experimental modal analysis is a 
reliable measure of resonant frequencies but that individual measurements in the mode
24
shape vectors, due to sensitivity to experimental set-ups and exciter locations, may be in 
error by up to as much as 30% and hence proposed updating the numerical models based 
on the discrepancies in frequency predictions alone. The measured and predicted mode 
shapes are compared using the orthogonality checks described by Targoff, 1979, to 
determine a one to one relationship between resonant frequencies. Sensitivity analyses 
establish sensitivity gradients for different structural and material parameters which are 
iteratively adjusted to achieve a more accurate frequency representation.
This approach, coupled to error localisation techniques proposed by Chen, 1990, retains 
the integrity of the originally assembled stiffness matrix and as the changes required are 
related to modelling assumptions the updating sequence serves to enhance the experience 
of the numerical analyst.
2.7.4 Nonlinear Structures
Although no real structure is ever completely linear the degree of nonlinearity is often 
sufficiently weak to enable the assumptions of amplitude scaling and superposition 
associated with linear structures, (Ewins, 1984), to apply.
Simon and Tomlinson, 1984 used the Hilbert transform, (Bracewell, 1976) which relates 
the real and imaginary parts of a complex frequency response function to identify the 
presence of system nonlinearities. The measured imaginary part is compared to the 
imaginary part calculated from the measured real part which has been operated on by the 
Hilbert transform and where these differ the system is deemed to possess a physical 
nonlinearity.
Significant non-linearities in a vibrating system generally result from nonlinear elastic 
mechanisms such as a physical gap or dead zone. Busby, Noporn and Singh, 1986 assessed 
the feasibility of performing experimental modal analysis on nonlinear systems and 
concluded that the measured frequency response functions can alert the analyst to the 
existence of a non-linearity and are only capable of providing a rough idea of the dynamic 
response of the system under excitation.
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Ewins, 1984 showed that the type of nonlinearity could be identified by the change in 
appearance of the frequency response function due to different amplitude forcing functions. 
Cubic type stiffness nonlinearities were characterised by drifting of the frequency peak 
while a coulomb type friction nonlinearity resulted in a reduction in amplitude of the 
frequency response function.
Although modal analyses techniques developed for linear systems can be used to identify 
the existence of a nonlinear response no quantitive measure is possible as the degree to 
which the nonlinearity participates in the structural response will inevitably depend on the 
magnitude and distribution of the excitation energy.
Belvin, 1987 examined the modelling of joint systems for inclusion in the analysis of truss 
structures. Stiffness and damping characteristics of the joint hardware were measured 
experimentally and included in the numerical models.
Crawley and O’Donnell, 1987 used the force state mapping technique to characterise the 
response of structural members including nonlinear joints. The force transmitted is 
represented as a function of the displacement and velocity across the joint.
Hsu, Griffin and Bielack, 1989, studied the affects of gravity loading and joint scaling on 
the dynamic response of jointed system. Their analyses showed that significant variations 
in structural response may occur due to small variations in joint properties arising from 
machining differences. Additionally inherent biases introduced into the structure under 
gravity loading may give rise to local stiffening due to varying static preload conditions at 
different joint locations.
Moon and Li, 1990, attempted to circumvent the potential difficulties associated with the 
experimental analysis, and subsequent validation of numerical models, of a pin jointed 
space truss beam by introducing a preload into the structure. The preload had the effect 
of linearising the lower bending modes of the beam truss and thereby facilitating modal 
analysis. The preload was included in a numerical model to good effect.
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Although good numerical descriptions of the behaviour of nonlinear joints have been 
achieved by Belvin, 1987 and Crawley, 1987 the difficulties experienced by Hsu et al., 
1989, with a jointed structure examined experimentally indicate that although isolated 
jointed systems can be successfully characterised the inclusion of such systems in larger 
structures leads to a further set of problems due to joint scaling and gravity effects.
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Fig. 2.2 : The MBB/ERNO GmbH Radial Rib Antenna (Heinze, Herbig and
Vorbrugg, 1986)
Fig. 2.3 : The Harris Government Systems Group Hoop Column Antenna
(Sullivan, 1982).
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al., 1990)
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Fig. 2.6 : The FIRST (Far Infrared Submillimeter Space Telescope) Antenna 
Developed by Dornier Systems GmbH (Abt, 1989)
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Fig. 2.7 : The Aerospatiale Skeletal Antenna (Labruyere, Passeron et al., 1986)
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Chapter 3 : The Development o f The Deployable Antenna
3.1 Introduction
The advantages, and subsequent desirability, of large deployable antenna systems have been 
illustrated in the previous chapter. A new deployable antenna concept has been developed 
and manufactured to satisfy potential mission requirements for an antenna providing 
coverage of Europe from geosynchronous orbit. The new deployable concept and the 
energy loaded joints are described. The development of the antenna configuration is 
outlined and the manufacture of its constituent parts are explained. Finally the 
manufactured antenna is shown to satisfy the design constraints for a typical mission, and 
is compared with other deployable concepts.
3.2 Selection of the Prototype for Development
The prototype antenna is chosen to be representative of a typical future flight model, 
transmitting to Europe. Large antennas operating at low frequencies are primarily of 
importance to mobile ground users. They produce a more convergent beam, providing a 
higher gain over a smaller area, and hence allow mobile users to benefit from a reduction 
in the size and power requirements of their ground based receivers.
The advantages of larger antennas are illustrated by comparing the gain and payload power 
characteristics for three different antenna sizes, typical of those that could be used for 
mobile services, all operating in geosynchronous earth orbit (GEO) and transmitting to 
Europe at L-Band (1.6GHz). The gain and 3dB beamwidth angles for 3.0m, 5.0m and 
13.0m diameter antennas using the same repeater system are given in table 3.1. The 
payload power for the same effective isotropic radiated power, (equation 2.5), is given in 
the third column.
The maximum solid reflector size, dictated by launch vehicle fairings, is a 3.6m aperture 
diameter antenna similar to the those used for Intelsat VI, (Hollaway et al., 1991); larger
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diameter antennas are hence deployable or erectable. The benefits of increasing the gain 
of the reflected beam or reducing the payload power for satellite links however are 
considerable, table 3.1.
A 5.0m deployable antenna provides a 10% increase in gain and a 53% decrease in payload 
power while maintaining the same EIRP, as the 3.0m antenna. A 13.0m antenna increases 
the gain by 35% and reduces the payload power, for the same EIRP by 93% with respect 
to the 3.0m antenna. The areas covered by each of the antennas are shown in figure 3.1.
The reduction in payload power required translates to smaller supporting satellites which 
are cheaper to manufacture and launch into orbit. The increased gain, although over a more 
limited area, is particularly attractive to mobile ground users who benefit from the smaller 
reception hardware.
The 5.0m model has been chosen for the development and manufacture of a deployable 
prototype. The incentives for larger deployable antennas transmitting to smaller areas exist, 
as exemplified by the 13.0m model above; however, a 5.0m diameter antenna illustrating 
the deployable concept is easier to build, assemble and test in the facilities available and 
although not significantly larger than currently available solid reflectors, it offers significant 
payload power reductions and gain enhancement.
3.3 The Deployable Concept
The prototype antenna is a skeletal system comprising carbon fibre/epoxy resin structural 
members joined together at node assemblies and deployed by a series of energy loaded 
joints. The high inherent stiffness of truss based structures allied with the high specific 
stiffness of composite material tubes used for their structural members yields a structure 
of high stiffness and low mass and therefore ideal for space applications.
The deployable concept is based on a deployable tetrahedron building block. The building 
block, comprises three non articulated members and three articulated members, as shown
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in figure 3.2. The tetrahedron is deployed by the energy loaded joints located at the ends 
of each member and additionally at the centres of members A-B, B-G and G-A.
The deployable antenna comprises six of these unit tetrahedron building blocks arranged 
around a central hub, figure 3.3, (one such unit tetrahedron is highlighted in the figure). 
The apex of each of the unit building blocks are joined by additional articulated ’inner-ring’ 
members, (shown as a dashed line in the figure). Energy loaded joints are therefore located 
at the ends of each of the structural members and at the centres of the ’inner-ring’ 
members, the Tong radial’ members and the ’outer-ring’ members, figure 3.3.
The inherent curved profile of the antenna structure is achieved by tilting each of the units 
towards the central hub from their respective apexes. This dish effect reduces the lengths 
of the stubs required to support the reflecting surface.
The proposed deployment sequence is shown in figures 3.4(a),(b) and (c) by the illustrative 
positions of a perspex model. The energy loaded joints have not been included in this 
model but are represented by pin joints allowing the same degree of freedom as in the 
prototype structure. Figure 3.4(a) shows the antenna in its stowed configuration. The 
antenna is manually unfurled and is illustrated in a partially deployed state in figure 3.4(b) 
and completely deployed in figure 3.4(c).
Deployment analyses, discussed in Chapter 5, showed that external restraints against 
rotation were necessary for the antenna to unfurl from the stowed configuration illustrated 
in figure 3.4(a). The sequence of events was successful for the perspex model due to the 
inadvertent provision of external restraints while the structure was manually deployed and 
restowed.
The solution, discussed and illustrated in more detail in Chapter 5, is to perform 
deployment in two steps. In the first step the inner ring members are rotated through 
ninety degrees; secondly the remaining stowage restraints, at the inner-ring nodes and 
perimeter nodes, are cut and the antenna is deployed.
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The deployment is driven by the energy loaded joints, described below in section 3.4. The 
potential energy stored in the joints is transferred to the structure as kinetic energy causing 
it to deploy. The structure is a one degree of freedom mechanism and once it achieves its 
deployed configuration, the joints are locked.
3.4 The Energy Loaded Joint
There are two joint types, albeit operated by the same principle, used in the deployable 
antenna; they are located at the centres of the articulated members and at the each end of 
all structural members respectively.
A typical energy loaded joint, at the centre of the articulated members, is shown in its 
stowed, partially deployed and deployed configurations in figure 3.5. Similarly, a typical 
member end joint is shown in figure 3.6. The member end joint is differentiated from the 
centre member joint by the absence of the link plate; furthermore, the member end joint 
is used to connect the structural elements to the node assemblies whereas the centre 
member joints provide a folding capability at the centre of chosen structural members.
The joint constituents, as shown in figure 3.5 for the centre member joints are, two 
components bonded into the carbon fibre struts to be joined, a link plate connecting the two 
fittings, a sliding sleeve and a spring. For the member end joints, figure 3.6, the 
constituents are, a component bonded into the carbon fibre tube, a receiving piece attached 
to the node assembly, a sliding sleeve and a spring.
The principle of operation of both joint types is the same. In their stowed positions the 
compressed spring exerts a force on the sliding sleeve which in turn generates a moment 
about the link pins, marked *P’ in the respective figures above, causing the joint to deploy. 
Once the fittings, on which the sliding sleeves and the springs are mounted, are aligned 
with their respective receiving pieces the sliding sleeves are pushed, by the springs, over 
the joint pins locking the joints.
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For a flight model all the mechanical joints would be lubricated using powdered graphite, 
as is the standard practice in the aerospace industry, to minimise the frictional forces as the 
joint deploys. For the prototype the joints have been lubricated using a thin oil in an effort 
to make the joints frictionless.
3.5 Qualification of the Structural Configuration
3.5.1 The Design Parameters
The structural configuration of the antenna has been designed to satisfy the demands of a 
reflector system transmitting to Europe at L-Band from GEO. The design parameters for 
the manufactured antenna were specified by British Aerospace Space Systems, Stevenage, 
(Russell, 1991) and are representative of those required for potential near term applications.
The requirements for antenna configurations can be classified as:-
(i) the radio frequency requirements,
(ii) the structural requirements, and
(iii) the overall system requirements.
The radio frequency requirements are that the reflective surface be an offset parabola, with 
an aperture diameter of 5.0m, an offset of 0.5m and an focal length over diameter ratio, 
(f/d), of 0.6.
The structural requirements are to enable the antenna to be configured onto the supporting 
spacecraft and have been derived from a theoretical mission using a EUROSTAR 2000 
spacecraft platform using a shared ARIANNE 4 launch vehicle. EUROSTAR 2000 is a 
generic name for the current standard 2000kg British Aerospace geostationary 
communications satellite.
The stowed antenna should be capable of being side mounted in the launch module and 
should be within the envelope dimensions given in figure 3.12(b); furthermore the natural
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frequency of the antenna in its stowed configuration should be above the spacecraft 
resonances which are typically below 50.0Hz.
The natural frequency of the deployed reflector should be at least 1.5Hz to ensure it is 
greater than the attitude control loop frequency of EUROSTAR by a sufficient margin thus 
preventing the structure from being excited at resonance in orbit.
The overall system requirements cannot be quantified numerically but are important 
considerations that were taken into account when configuring the antenna. The antenna 
system should be of minimum mass, have a low part count and exhibit maximum reliability 
and repeatability of deployment. A further consideration is that any necessary deployment 
arm should have a minimum number of articulations. These design targets can be met by 
keeping the number of structural members and mechanical joints to a minimum, thereby 
keeping the part count as low as possible and maximising the reliability of the overall 
system. A low part count translates to lower manufacturing costs and a more economical 
design.
The structure is optimised by the design drivers outlined in the previous paragraphs. The 
reflecting surface geometry and the support arrangement for the reflective surface are 
determined by the radio frequency requirements of the antenna. Reflective mesh surfaces 
conceived and manufactured by Aerospatiale, (Labruyere et al., 1986) and GDSS, (Dyer 
and Dudeck, 1986) have been shown to be capable of providing a sufficiently accurate 
surface profile and are therefore not considered in detail for this prototype.
The design for the backing structure geometry and member sizes is driven by the structural 
requirements.
3.5.2 The Reflecting Surface Geometry
The reflecting surface geometry is determined by the radio frequency requirements of the 
antenna. A mathematical expression for the parabolic surface, in the x-y-z cartesian space, 
defined by the radio frequency requirements is x2+z2=12y such that 0.5 <x< 5 .5  and
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-2.5 <z <2.5. The required surface profile at z=0 is shown in figure 3.7. The minor 
axes dimension of the antenna is 5.0m. The major axis dimension of the antenna is the 
distance between the points on the graph at x=0.5 and x=5.5, and is equal to 5.59m 
(5.6m). The depth at the centre is calculated by assuming a symmetrical mesh profile and 
by calculating the distance, ’d \  shown in figure 3.7. This distance’d’ is calculated to be 
0.459m for this case. A depth of 0.5m is provided to enable the positioning of a small stub 
member at the centre from which the reflecting mesh can be supported. The outside plan 
dimensions and depth of the hub, node ’G’, below the nodes on the outer ring are thus 
established.
The proposed mesh support arrangement is illustrated in figure 3.8. The woven mesh is 
located using,a catenary arrangement supported at the node points of the structure. The 
mesh is woven to the required profile on a moulded surface and hence the forces in the 
catenary system are negligible and only the additional mass of the mesh is considered in 
the analyses of the structure.
3.5.3 The Backing Structure Geometry
The design for the backing structure geometry is governed by the structural and overall 
system requirements. The design drivers are that the antenna should have first resonant 
frequencies above 1.5Hz and 50.0Hz in its deployed and stowed configurations respectively 
and that the overall system should have a minimum number of structural members and 
mechanical joints.
Parameter studies has been undertaken to choose the optimum backing structure to satisfy 
these constraints. These preliminary analyses were undertaken to determine the dimensions 
to which the full scale antenna should be manufactured.
39
3.5.3.1 Optimisation of the Antenna Backing Structure.
The finite element method has been used to undertake eigenvalue extraction analyses to 
predict the fundamental frequencies and modes of vibration of the different antenna 
configurations.
The analyses were undertaken using the ABAQUS finite element software package. The 
eigenvalue extraction method implemented by the finite element package is discussed in 
Chapter 5.
The antenna was modelled as a skeletal system of carbon fibre epoxy resin structural 
members. An isotropic material definition for the composite tubes was used. Comparisons 
between experimental and numerical frequencies for the structural members used in the 
manufacture of the prototype and discussed later in Chapter 6 justify this assumption. For 
the purpose of these preliminary analysis and the derivation of suitable stiffness and density 
values for the composite, the following material properties, (Hull, 1981), were used:-
carbon fibres, type II : En =250GN/m2 and f =1750kg/m3, 
epoxy resin (matrix) : E=6GN/m2 and f =1400kg/m3.
Using the law of mixtures, (Hollaway, 1978) and assuming a fibre volume fraction of 0.46 
the longitudinal modulus of elasticity and density values for the composite are calculated 
as 118GN/m2 and 1560kg/m3.
The structural members are modelled using a series of linear beam elements, identified as 
B31 elements in the ABAQUS software package. The beam element allows for transverse 
shear deflection and includes rotary inertia terms in the description in its mass matrix. The 
mass distribution for this element is shared at its nodes. The two noded linear beam 
element, B31 is preferred to the three noded quadratic beam element, B33 for ease of mesh 
generation, and because the lower modes of vibration of the antenna, in which we are 
primarily interested, are global modes of vibration rather than local vibration of individual 
members the inclusion of the additional mid-member nodes would increase the complexity
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of the finite element model without contributing significantly to the accuracy of the 
predicted frequencies or mode shapes, (O’ Neill, 1989).
3.5.3.2 The Deployed Antenna
The support location, the depth of the backing structure, V , the member sizes and the 
exclusion of the outer ring at the reflector surface, figure 3.9, were considered. The 
results of the parameter studies are given in tables 3.2 and 3.3 and are discussed below.
For the analyses in tables 3.2 and 3.3 (analyses 1-8) the antenna is modelled as a skeletal 
system of structural members meeting at a point at each node. Lumped masses are 
included in these finite element models to allow for the node assemblies, energy loaded 
joints and the reflective surface. In the analyses numbers nine and ten, table 3.3, the node 
assemblies and titanium inserts to the nodes and carbon fibre tubes are modelled explicitly.
As explained above, section 3.4, all members were jointed at each end with additional mid­
member joints strategically located throughout the structure to enable the antenna to fold. 
These joints, when locked in the deployed configuration, were assumed to be linear and 
continuous with the structural members.
There are four possible support conditions for the deployed antenna; a support at an outer 
ring node, at an inner ring node, at the centre node or multiple supports. The deployment 
arm was not designed although its complexity and the number of joints required for each 
support location has been considered. It was assumed for the development analyses that the 
deployment arm would be capable of providing a fully fixed support to the antenna at any 
of the above mentioned locations.
In terms of structural efficiency the optimum solution is to have several support points; 
however, due to the complexity of the deployment arm mechanisms that this type of 
support would entail, this solution is not considered viable. Table 3.2 shows the first 
fundamental frequencies, deployment arm lengths and the number of deployment arm 
articulations for the remaining three possibilities.
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A support at the centre is the best solution in terms of structural efficiency, yielding a 
fundamental frequency of 2.2Hz, but results in a long, and hence heavy, deployment arm 
needing two hinge mechanisms and thereby increasing the overall complexity of the antenna 
system.
A support on the outer ring is not an efficient structural solution as the lower modes of 
vibration do not benefit from the stiffness of the truss structure and hence a support 
location at one of the inner ring nodes is preferred.
The first three modes of vibration of the antenna with the outer ring, are global modes of 
vibration characterised by bending of the three non-articulated members local to the support 
position are illustrated in figure 3.10. In order to achieve a first resonant frequency 
sufficiently above 1.5Hz, with a support at this location, it was necessary to use 
considerably larger diameter tubes for the three non-articulated members local to the 
support than for the rest of the structural members; 50.0mm internal diameter tubes with 
4.0mm wall thicknesses are used for these tubes.
The first four models in table 3.3 show the effect of increasing the backing structure depth 
for the model with the outer ring, supported at an inner ring node. Backing structure 
depths between 1.25m and 0.5m have been considered.
The case of ’b’ equal to 0.5m, figure 3.9, corresponds to the situation of the inner ring 
nodes and the central hub node lying in the same plane. If the inner ring nodes are lifted 
above this level the antenna will not fold correctly, the long radial members would foul the 
inner ring members as the antenna is folded, and hence backing structure depths less than 
0.5m are not considered.
The results of the finite element eigenvalue extraction analyses show that the first resonant 
frequency increases as the backing structure depth decreases and that, for the structure with 
the outer ring, a backing structure depth of 0.5m is the optimum solution in terms of mass, 
first resonant frequency, stowed volume and deployability conditions.
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The advantage of using thin wall sections is illustrated by analyses number five; 0.5mm 
thick tube sections are used for all members except for the three non-articulated members 
local to the support, which are retained as 50mm internal diameter tubes with 4.0mm wall 
thicknesses. The thinner wall sections result in a greatly reduced overall mass for the 
system, and a higher fundamental frequency due to the greater stiffness to mass ratios of 
these sections. However, design and manufacturing considerations for the composite tubes 
has limited the wall thickness to a minimum of 1.2mm, section 3.7.1, and consequently 
25.0mm internal diameter tubes with 1.2mm wall thicknesses are used for all members 
except for the three non-articulated members local to the support where 50.0mm internal 
diameter tubes with 4.0mm wall thicknesses are required to satisfy the structural 
requirements.
In analysis number six lumped masses of 1.0kg are included at each of the node points to 
allow for the presence of the node assemblies and energy loaded joints. The first resonant 
frequency is predicted as 4.78Hz and satisfies the constraint that the first resonant 
frequency of the structure is above 1.5Hz by a sufficient margin.
Therefore, for the model with the outer ring, an optimum configuration is a backing 
structure depth of 0.5m, fully fixed at a node on the inner ring, with 50.0mm internal 
diameter-4.0mm wall thickness tubes for the three non-articulated members local to the 
support and 25.0mm internal diameter-0.5mm wall thickness tubes elsewhere.
The exclusion of the outer ring at the reflector surface level is examined by analyses 
numbers seven and eight respectively. The first resonant frequency of the model with ’b’ 
equal to 0.5m is reduced from 4.0Hz to 2.8Hz on removal of the outer ring, analyses 
numbers seven and four. However, for a backing structure depth of 0.75m the first 
resonant frequency is increased from 3.9Hz to 4.46Hz, analyses numbers eight and three. 
There is no benefit in increasing the backing structure depth further because the overall 
system is then penalised by the increase in structural mass and stowed volume due to the 
longer members.
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For analyses numbers nine and ten the node assemblies and titanium inserts to these nodes 
and the carbon fibre tubes are modelled explicitly. Analyses number nine includes the outer 
ring at the reflector surface level.
The first three modes of vibration for analyses numbers nine and ten are shown in figures 
3.10 and 3.11 respectively. The modes for analysis number nine can be described, in 
ascending order, as ’lifting’, ’twisting’ and ’rocking’ modes about the support position.
Examination of the modes of vibration for the structure without the outer ring shows a 
change in structural response. A comparison of the first mode of vibration of each 
structure shows that without the outer ring it exhibits greater structural deformation in its 
first mode. It is believed that the removal of the outer ring reduces the overall stiffness of 
the structure but also reduces the mass sufficiently to produce a greater stiffness to mass 
ratio than for the model with the outer ring, and hence a higher fundamental frequency.
The model without the outer ring at reflector surface level offers several important 
advantages over the model with the outer ring. It has a lower overall mass, six fewer 
structural members and, most importantly, reduces the number of mechanical joints in the 
system by eighteen.
The model without the outer ring, with a backing structure depth of 0.75m, is preferred 
and chosen for manufacture. Its lower mass, fewer structural members and smaller part 
count translate to lower manufacturing and launch costs, and a higher degree of mechanical 
reliability due to the reduced number of energy loaded joints needed for deployment.
3.5.3.3 The Stowed Antenna
The model without the outer ring has been shown to satisfy the minimum frequency 
condition in its deployed configuration; the same model is now examined in its stowed 
configuration.
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The model chosen for manufacture is shown in its stowed configuration in figure 3.12(a). 
The envelope dimension for the model and the allowable dimensions for the launch vehicle 
are given in figure 3.12(b). The stowed volume of the proposed deployable concept is 
shown to be within the envelope dimensions of the Arianne cargo bay.
The frequencies likely to be excited due to vibration of the launch vehicle during the launch 
phase are typically below 50.0Hz, (Russell, 1991). The stowed antenna should therefore 
have a fundamental frequency above this value in its stowed configuration.
The structural elements, node assemblies and member inserts are modelled in the same way 
as for the deployed antenna. The mechanical joints are included as pin joints in the 
numerical model; this is a conservative estimate of the stiffness of these joints because the 
effect of the additional stiffnesses generated by the compressed springs forcing the sliding 
collars onto the link plates has not been considered.
Three different support arrangements have been considered for the stowed model. The 
selection criterion for a given support arrangement is that the fundamental frequency of the 
constrained model should be above 50.0Hz. A line diagram of the stowed antenna is 
shown in its stowed configuration in figure 3.12(a). Three different stowed support 
arrangements were considered
(i) The antenna is fully fixed on the inner ring node which interfaces
with the spacecraft during launch; the remaining nodes, (inner ring, 
centre and perimeter nodes), are pinned in position; none of the 
articulated members are supported at their centre joints.
(ii) The antenna is fully fixed on the inner ring node which interfaces
with the spacecraft during launch; the remaining nodes, (inner ring, 
centre and perimeter nodes), are pinned in position; pinned supports 
are additionally provided at the centre joints of the longer 
articulated members; the centre joints of the smaller articulated 
members remain unsupported.
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(iii) The antenna is fully fixed on the inner ring node which interfaces
with the spacecraft during launch; the remaining nodes, (inner ring, 
centre and perimeter nodes), are pinned in position; pinned supports 
are provided at the centre joints of all articulated members.
The fundamental frequency of the stowed antenna for each of the three support conditions 
are given in table 3.4. In order to keep the stowing arrangement as simple as possible it 
is desirable to have a minimum number of hold-down points.
Supporting the nodal assemblies only, case (i), yields a fundamental frequency of 17.5Hz 
corresponding to cantilever type vibration of the long articulated members. In case (ii) the 
possibility of this type of vibration occurring is removed by supporting those members at 
their mid member joints; for this case the shorter articulated members were seen to exhibit 
cantilever type modes of vibration at frequencies above 45.46Hz. Although this value is 
below the 50.0Hz threshold it is felt that, from the minimum frequency point of view, this 
support arrangement would be adequate because of the conservative estimate of the stiffness 
of the joints in their stowed configurations. However, for a conservative design, additional 
supports at the centre joints of the shorter articulated members are preferred, yielding a 
frequency of 50.8Hz. Support case number (iii) is thus selected for the stowed model 
during launch.
3.5.4 The Structural Configuration
Two different model types and four support conditions have been considered. Design 
constraints have limited the selection of tubular structural members to sections with wall 
thicknesses equal to 1.2mm. The model without the outer ring has a smaller structural 
mass and fewer mechanical devices. The provision of a support at a node on the inner ring 
required the provision of stiffer sections for the non-articulated members local to this point; 
50mm internal diameter-4.0mm wall thickness tubes were used. The geometry and 
structural configuration for the manufactured antenna is shown in figure 3.13.
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The results above are highly dependant on the material properties of the structural members 
and thus the composite material tubes are designed to achieve material properties similar 
to those used in section 3.4.2 above.
3.6 Selection of Materials
The prototype antenna is, as explained above, a skeletal system comprising carbon fibre 
epoxy resin pullwound structural members joined together at node assemblies and deployed 
by energy loaded joints.
The structural members used for the prototype are carbon fibre epoxy resin tubes and are 
nominally 25.0mm internal diameter with 1.2mm wall thicknesses. Larger tubes with 
50.0mm internal diameters and 4.0mm wall thicknesses have been used local to the support 
point of the antenna to provide sufficient stiffness to satisfy the minimum resonant 
frequency constraint, explained in section 3.5.
The node assemblies, (mark I), for the prototype antenna are manufactured in aluminium. 
The inserts to the node assemblies have been manufactured in titanium and aluminium for 
the 25.0mm and 50.0mm internal diameter tubes respectively. Titanium proved a difficult 
material with which to work and thus for ease of construction it was decided to 
manufacture the larger diameter inserts in aluminium for the mark I antenna.
The energy loaded joints have been manufactured predominantly from titanium due to the 
mechanical nature of the folding joint. Aluminium is generally used for non-moving 
components only in the aerospace industry. Two aluminium surfaces in contact with or 
sliding over one another can become cold welded together. This would render a mechanical 
joint inoperative and hence titanium, although heavier than aluminium, is preferred. The 
fittings bonded to the carbon fibre epoxy resin members are manufactured in titanium.
The sliding sleeves for the mark I antenna have been manufactured in aluminium and brass 
depending on whether they slide over titanium or aluminium inserts. The sliding sleeves
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for the joints at the centres of the articulated members are made in aluminium as the 
fittings are manufactured in titanium. The inserts to the node assemblies for the 25.0mm 
internal diameter tubes are manufactured in titanium and hence aluminium sliding sleeves 
are used. Aluminium has been used for the inserts at the nodes for 50.0mm internal 
diameter tubes and brass sliding sleeves are used to overcome the difficulties of aluminium 
sliding over aluminium.
For convenience and ease of manufacture the link plates, pins and joint springs are 
manufactured in mild steel.
The system being described is not a flight antenna. The object of manufacturing a mark I 
full size antenna was to demonstrate the deployment mechanism and to overcome any 
mechanical problems that may have been presented with this complicated system. It is 
proposed that the flight structure, a mark II, should be manufactured from composites, 
aluminium and titanium, or, as the Aerospatiale antenna, from composites and aluminium 
only; the skeletal members and sliding collars would be manufactured in composites; the 
node assemblies, as in mark I, would be built in aluminium and all joints and fittings would 
be made in titanium or aluminium. Finally it is envisaged that a mark III structure would 
be manufactured entirely in composite materials.
3.7 Manufacture of the Deployable Antenna
The constituents of the prototype antenna are the structural members, the energy loaded 
joints and the node assemblies . The design and manufacture of these constituents are 
described in this section.
3.7.1. The Structural Members
The structural members are chosen to be carbon fibre epoxy resin tubes. The member 
sections and approximate material properties have been determined in section 3.5 above. 
Two different member sizes are used in the manufacture of the antenna; 50mm internal
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diameter tubes with 4.0mm wall thicknesses, (’the larger tubes’) and 25.0mm internal 
diameter tubes with 1.2mm wall thicknesses, (’the smaller tubes’).
The larger tubes were manufactured using the filament winding technique, (Hollaway, 
1978). The smaller tubes were manufactured by the pullwinding technique, (Hollaway, 
Pultrusions), developed by Pultrex Ltd., Clacton-on-Sea.
The main advantages of pultrusion over filament winding is that it is a fully automatic 
continuous process which means that relatively short, and hence cheaper, die lengths are 
used to manufacture longer tubular members. It produces a consistent internal and external 
surface appearance and finish thereby facilitating the attachment of any required inserts or 
fittings. The main drawback with the conventional pultrusion process is that it is best 
suited to the manufacture of sections with predominantly uniaxially aligned fibres and that 
as a result a large number of fibres, and hence bigger wall sections, are required to provide 
adequate hoop strength. The advantage of the pullwinding technique is that the wound 
fibres provide the hoop strength and thus thinner wall sections can be used.
Economic restraints determined that the larger diameter tubes should be filament wound 
as the manufacturers had a suitable ready made mandrel. As expected the external finishes 
and accuracies are not comparable to the pullwinding sections. For the filament wound 
tubes the external and internal diameters are seen to vary by about 0.5mm as opposed to 
almost 0.0mm for the pultruded sections.
The main criteria for the design of the tubes is that they should have a modulus of elasticity 
in the longitudinal direction in the region of 118GN/m2 and a coefficient of thermal 
expansion in the longitudinal direction equal to that of the titanium fittings. This latter 
restraint ensures that differential expansions of the fittings and tubes do not occur as this 
could lead to failure of the bond between the two.
The manufactured lay-ups for both tube types are given in tables 3.5(b) and 3.6(b). The 
lay-ups have been determined using a suite of programs developed by British Aerospace, 
based on laminate material properties supplied by Pultrex Ltd, tables 3.5(a) and 3.6(a).
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The pullwound tubes are manufactured in four laminates. High modulus carbon fibres have 
not been used in the tube design because of the possibility of brittle failure of the fibres as 
the laminates are wound into place. Medium modulus fibres, (HM35) and low modulus 
fibres, (T300), have been used for the longitudinal and radial fibres respectively to give an 
overall fibre content of 57% for the smaller tubes.
The larger diameter tubes have similarly been designed to have a coefficient of thermal 
expansion similar to titanium and a modulus of elasticity in the longitudinal direction in the 
region of 120GN/m2.
A thermoset epoxy resin is used for both tubes; the resin type is MY750 + HY917. An 
accelerator, DY070, is included for the pullwinding technique. A thermosetting resin was 
preferred to the more advanced recently developed thermoplastic resins because of the 
highly automated manufacturing techniques, such as pullwinding, pultrusion and filament 
winding, that can be employed with this type of resin. The thermoplastic resins are viscous 
at room temperature and are thus not suitable for these types of automated manufacture. 
Tubular members can be manufactured using thermoplastic resins by the film stacking 
technique, (Phillips Ln, 1980) but this method is labour intensive and less cost effective.
3.7.2 The Energy Loaded Joints
A manufactured energy loaded mid-member joint is shown complete and exploded in figure 
3.14. The two joint components were manufactured in titanium. The right hand 
component needs to accommodate the compressed spring and the sliding sleeve in the 
stowed configuration and thus to keep the mass of the joint to a minimum a tubular section 
and a prefabricated end piece were used. The external diameter of the end piece was 
manufactured to be slightly larger, (approximately 0.025mm), than the internal diameter 
of the tubular section to provide an interference fit between the two. The two pieces were 
then riveted together. The left hand component was manufactured from a piece of titanium 
rod; experiments performed on a series of these mechanical joints showed that their 
reliability was greatly enhanced by the provision of a shallow taper, in the order of five 
degrees, as indicated in figure 3.15, on this component.
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The springs were manufactured in mild steel by feeding the spring onto a mandrel, 
threaded to the required pitch.
The sliding sleeves were manufactured in aluminium. A clearance between the sliding 
sleeves and the fittings was maintained to ensure that the sleeves slide freely along the 
fittings. This clearance was kept to a maximum of 0.05mm in an attempt to reduce the 
potential for rattle in the deployed joints. A new joint design which eliminates this problem 
has been conceived by York, 1990; it is proposed that the fittings and the sliding sleeves 
should be manufactured with a reverse taper so that a tight fit between the fitting and the 
sleeve is achieved in its fully deployed state. The development of this new joint design was 
not sufficiently advanced to include it in the prototype antenna but it is envisaged that it 
would be included in the mark II and III antennas.
3.7.4 Bonding of the Joint Components to the Carbon Fibre/Polymer Composite 
Tubes.
The energy loaded joints were bonded into the carbon fibre tubes using an epoxy glue; 
araldite AV138 mixed with an araldite hardener HV998 in a mass ratio of 4:1. The bond 
lengths for the small and large tubes were 35.0mm and 50.0mm respectively.
In order to provide an adequate bond strength it was necessary to thread the inside of the 
carbon fibre tubes and the ends of the joint fittings. The epoxy glue was applied to the 
inner tube surfaces and the joint ends. The thread on the inner surface of the tubes provides 
a rough surface for good adhesion to the tubes. The thread on the joint end fittings 
prevented the glue from running up the length of the fitting as it was pushed into position.
Initial attempts to provide a bond between the titanium joint components and the composite 
structural members without recourse to threading the inside of the composite tubes did not 
result in a well jointed assembly. The inside diameter of the composite members and the 
external surface of the joint components were cleaned using acetone to provide a good 
adhesive surface. The bond was observed to fail when deployment tests were undertaken 
for the unit building block. The failure plane was the interface between the adhesive bond
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and the composite tubes and not the bond itself. The action of threading the composite 
tubes roughens the internal diameter and exposes the fibres which are then bonded into the 
adhesive, resulting in a better bonded assembly, after curing.
3.7.5 The Node Assemblies and their Respective Inserts
The node assemblies were manufactured from aluminium rod and were machined to accept 
their respective inserts at the requisite angles. Holes and slots have been drilled, where 
possible, through the nodes, to reduce the overall mass of the system.
The inserts, connecting the structural members to the node assemblies, were manufactured 
from pieces of titanium solid. The inserts were secured in position at the node assemblies 
by a screw and a rivet as shown in figure 3.15. The screw held the insert in position while 
the rivet prevents rotation about the longitudinal axis of the structural member. For the 
mark II antenna an improvement on this design would be the provision of two location 
screws in the back of the insert and thus dispensing with the need for the rivets.
The full scale manufactured node assemblies with their respective inserts are shown in 
figures 3.16. The manufactured antenna in its deployed configuration is shown in figure 
3.17.
3.8 Comparison of New Deployable Concept with other Deployable Antennas
The new deployable concept proposed by the author is compared to the deployable skeletal 
concepts developed by Aerospatiale, (Labruyere et al., 1986), by General Dynamics Space 
Systems, (Dyer and Dudeck, 1986), and the radial rib antenna concept developed by 
M.B.B., (Heinze, Herbig and Vorbrugg, 1986). The MBB radial rib antenna is included 
to provide a contrast between the truss based deployable systems and a different deployable 
concept.
52
The antennas are compared on the basis of their respective masses, number of mechanical 
devices, part counts and stowed volumes. The general characteristics for each of the 
antennas are given in table 3.7 and are discussed below. The complete mass breakdowns 
for each of the antennas is give in tables 3.8, 3.9, 3.10 & 3.11.
The antennas are all 5.0m aperture diameter reflectors with f/d ratios varying between 0.38 
and 0.6 and offsets between 0.5m and 2.13m. The offset of the antenna determines the 
position of antenna on the paraboloid defining the reflective surface, see figure 3.7. Larger 
offsets, eg. the 2.13m for the GDSS antenna, result in a flatter dish because of the gentler 
change in gradient of the parabolic surface as the distance from the origin is increased.
The prototype antenna has a mass of 46.7kg, similar to the externally supported MBB 
antenna but significantly heavier than the 27.0kg and 24.3kg of the Aerospatiale and GDSS 
antennas respectively. The prototype antenna is not a flight model and some of the 
materials used in its construction have been used for convenience and would normally be 
replaced by composite materials for a flight model.
For a flight model, the mark II, the sliding sleeves would be manufactured in composite 
materials and titanium link plates and springs would be used, resulting in a mass saving of 
12.0kg and an overall structural mass of approximately 34.7kg. The mass of the mark II 
antenna could be further reduced if aluminium were used, as in the Aerospatiale design, 
for all nodes and fittings. This would represent an additional mass saving of 5.5kg and 
gives an overall mass of 29.2kg, which compares well with the Aerospatiale antenna.
The mass summary of the prototype antenna illustrates the potential for further significant 
mass reductions by manufacturing the node assemblies and joint fittings in composite 
materials, as is the case for the GDSS antenna. A quick estimate for the mass of this mark 
III antenna is calculated by factoring the masses of the antenna constituents by the ratio of 
the density of a typical composite, assumed to be 1700kg/m3, to the density of the 
constituent material. The mass of the mark III antenna is calculated to be approximately 
26.0kg, compared to 27.0kg for the Aerospatiale antenna and 24.3kg for the GDSS 
antenna.
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Therefore in terms of mass and with due considerations to the materials being used and the 
potential for significant mass reductions in the mark II and mark III antennas the 
development model compares favourably with current deployable systems.
The mass comparisons highlight also the advantage of using truss based structures for 
deployable systems. The optimised mass for the prototype is 26.0kg, compared to 27.0kg 
and 24.3kg for the two other truss based systems. The radial rib antenna however is 
significantly heavier at 46.8kg, or 43.5kg depending on the support location, due to the 
large rib sections needed to provide sufficient stiffness in the absence of a supportive 
skeletal system.
The significant advantages of the prototype antenna over the other deployable systems are 
its smaller number of members and fewer mechanical devices, table 3.7. The GDSS 
antenna uses one hundred and sixty two structural members and two hundred and four 
mechanical devices, compared to fifty five members and one hundred and twenty devices 
for the Aerospatiale antenna and thirty six members, (thirty members, twelve of which are 
folded), and seventy two devices for the prototype. Simple deployable structures with few 
mechanical devices are favoured by the aerospace industry, (Takamatsu and Onoda, 1991), 
as they present fewer possibilities for mechanical failure which could ultimately hinder, or, 
in the extreme, prevent a system from deploying into its operating configuration. The 
lower part count exhibited by the prototype results additionally in reduced manufacturing 
and design costs.
The stowed volume of the prototype antenna is 0.8m3, compared to 0.45m3 for the 
Aerospatiale antenna, 0.51m3 for the GDSS antenna and 0.63m3 for the MBB antenna. The 
stowed dimensions of the prototype antenna is however within the launch envelope 
dimensions specified in section 3.5.1. for the ARIANNE IV.
The prototype antenna offers significant advantages due to the fewer mechanical devices 
and lower part count which translate to a more reliable deployable system and a more 
economical design. The mass of the prototype is high but the potential to reduce the mass 
by 20.0kg exists and is viable.
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3.9 Concluding Observations
A new deployable concept has been developed and a 5.0m full scale prototype has been 
manufactured. The deployable concept has been demonstrated by an illustrative perspex 
model.
A parameter study has identified the optimum structural configuration for such a deployable 
antenna, operating at L-Band from geosynchronous earth orbit, and providing coverage to 
an area similar in size to Europe.
The manufacture and design of the antenna constituents, namely its high technology 
composite structural members, its nodal assemblies and its mid-member and end-member 
joints, are described.
Finally the manufactured prototype is seen to compare favourably with other 5.0m 
deployable concepts, specifically the Aerospatiale and General Dynamics Space System’s 
antennas.
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Aperture
diameter
(m)
3dB
beamwidth
(degrees)
Gain at centre 
(dB)
Payload power for 
same EIRP 
(W)
3.0 4.37 32.7 2000 nominal
5.0 2.62 36.0 935 approx.
13.0 1.0 44.0 150 approx.
Table 3.1 : The 3dB beamwidth angles, gain at centre of reflective area and 
payload power for the same EIRP for three different antennas systems using
the same repeater system are compared.
Criteria
Support Node
Centre Inner ring Outer ring
Fundamental Frequency 
(Hz.)
2.2 1.0 0.4
Deployment arm:-
No. of joints 2 1 0
Length (m.) 3.5 1.5 0.5
Table 3.2 : Effect of support location on fundamental frequency of antenna 
and deployment arm characteristics, (all struts assumed to be 25mm internal
diameter with 1mm wall thicknesses).
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Analysis
no.
Depth
'b'
(m)
Model Description Frequencies
(Hz)
Mass
(kg)
1 2 3
1 1.25 -fully fixed at one 
node on inner ring. 
-3 non-articulated 
members at support 
are 50mm i.d.,4.0mm 
wall thickness. All 
others are 25mm i.d. 
with 2mm wall thick. 2.4 2.85 4.0 27.0
2 1.0 -as above. 3.7 3.75 6.2 22.35
3 0.75 -as above. 3.9 4.1 6.4 21.7
4 0.5 -as above. 4.0 4.4 6.4 21.2
5 0.5 -25mm,2mm members, 
become 25mm,0.5mm 
members. 7.0 7.7 10.4 9.13
6 0.5 -1.0kg lumped masses 
included at nodes & 
joints. 4.78 5.27 7.1 16.1
7 0.5 -outer ring removed, 
-fixed on inner ring, 
-non-artic. 50mm,4mm, 
-others 25mm,2mm, 
(compare with no.4) 2.8 4.97 5.77 17.88
8 0.75 -as for no.7 4.46 4.81 5.29 19.0
9 0.75 -outer ring included 
-fixed on inner ring, 
-non-artic. 50mm,4mm, 
-others 25mm,2mm, 
-nodes and inserts to 
members modelled 
explicity. 3.4 3.83 5.5 38.3
10 0.75 -outer ring removed, 
-fixed on inner ring, 
-non-artic. 50mm,4mm, 
-others 25mm,2mm, 
-nodes and inserts to 
members modelled 
explicity. 3.71 3.79 4.57 31.9
Table 3.3 : Determination of optimum backing structure depth
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Support Conditions
Frequency
(Hz)
(i) 17.46
(ii) 45.46
(iii) 50.83
Table 3.4 : Fundamental frequencies of the development antenna for three
different support conditions
Lamina Material Properties :-
Material
Ex 
(GN per 
m. sq.)
Ey 
(GN per 
m. sq.)
Gxy
(GN per 
m. sq.)
Vyx
Alpha x 
(per deg. 
C)
Alpha y 
(per deg. 
C)
1 176.7 7.8 4.4 0.314 -3.3E-6 31.07E-6
2 120.0 9.2 4.7 0.3 -0.45E-6 29.0E-6
Lay-up Details :-
Lamina Material Number Thickness (mm) Angle (deg.)
1 1 0.4 0.0
2 2 0.2 70.0
3 2 0.2 -70.0
4 1 0.4 0.0
Table 3*5 (a) and (b) : Lay-up details for Pullwound Members
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Lamina Material Properties :-
Material
Ex 
(GN per 
m. sq.)
Ey 
(GN per 
m. sq.)
Gxy
(GN per 
m. sq.)
Vyx
Alpha x 
(per deg. 
C)
Alpha y 
(per deg. 
C)
1 184.8 6.5 3.5 0.259 -3.3E-6 31.07E-6
Lay-up Details :-
Lamina Material Number Thickness (mm) Angle (deg.)
1 1 0.4 89.0
2 1 0.2 0in1
3 1 0.2 o•in
4 1 0.2 -5.0
5 1 0.2 5.0
6 1 0.2 -5.0
7 1 0.2
o•in
8 1 o to -5.0
9 1 0.2
o•in
10 1 0.2 -5.0
11 1 0.2 5.0
12 1 0.2 -5.0
13 1 0.2 5.0
14 1 0.2 -5.0
15 1 0.2
o•in
16 1 0.2 -5.0
17 1 0.2 5.0
18 1 0.2 -5.0
19 1 0.2 5.0
20 1 0.2 89.0
Table 3.6 (a) and (b) : Lay-up details for filament wound members
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Antenna Prototype Aerospatiale G.D.S.S. M.B.B.
Beam aperture
diameter (m) 5.0 5.0 5.0 5.0
Offset (m) 0.5 0.7 2.13 0.75
Focal Length (m) 1.5 1.9 2.0 3.125
Effective diameter(m)
ellipse main axis 5.6 6.54 5.6 6.1
ellipse small axis 5.0 5.0 5.3 5.0
Total mass (kg) 46.7 
(cj. 26)
27.0 24.3 46.8
Stowed dimensions
plan (m. squared) 0.53 0.19 0.3 0.33
height (m) 2.45 1.9 1.7 1.9
volume (m. cubed) 1.3 0.45 0.51 0.63
Number of members 36 55 162 -
Number of mechanical
devices 72 120 204 —
Fundamental frequency
(Hz) 3.71
Table 3.7 : Comparison of general characteristics of the 5.0m prototype 
antenna with 5.0m antennas developed by Aerospatiale, by General Dynamics 
Space Systems and M.B.B. ( 'cj.' implies composite nodes and joints).
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Item Description Mass (kg.) No. Total Mass (kg.)
Carbon Fibre Tube
25mm i.d., 2.0mm wall
(m.p.u.l.= 0.151 kg)
small radial members 0.179 5 0.895
tripod members 0.179 10 1.79
inner ring members
type(i) 0.08 6 0.483
type(ii) 0.059 6 0.352
long radial members
type (i) 0.143 6 0.861
type (ii) 0.163 6 0.977
50mm i.d., 4.0mm wall
(m.p.u.l.= 1.062 kg)
small radial members 1.086 1 1.086
tripod members 1.070 2 2.141
Node Assemblies
Centre Node 0.117 1 0.117
Perimeter Node
(25's) 0.339 4 1.356
Perimeter Nodes
(25's & 50's) 0.4 2 0.8
Inner Ring Nodes 0.564 5 2.82
Support Node 0.85 1 0.85
Node Assemblv Inserts
25mm i.d. tubes
Small radial member
centre node 0.074 5 0.37
inner ring node 0.155 5 0.775
Long radial member
centre node 0.074 6 0.444
perimeter node 0.093 6 0.558
Tripod member
inner ring node 0.154 10 1.54
perimeter node 0.085 10 0.85
Inner ring member
inner ring node 0.077 12 0.924
Table 3.8 : Mass breakdown of prototype antenna (continued on next page).
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Item Description Mass (kg.) No. Total Mass (kg.)
50mm i.d. tubes
Small radial member
centre node 0.138 1 0.138
inner ring node 0.29 1 0.29
Tripod member
inner ring node 0.284 2 0.568
perimeter node 0.183 2 0.266
Slidina Sleeves
25mm tubes (Al.)
folding joints 0.045 12 0.54
member ends
type (i) 0.036 33 1.188
type (ii) 0.033 21 0.693
50mm tubes (Bronze)
member ends 0.32 6 1.92
Inserts to CFRP tube
25mm tubes
ti. tubing & end
piece & tubing
type (i) 0.11 33 3.63
type (ii) 0.102 21 2.142
50mm tubes
aluminium inserts
type (i) 0.579 5 2.895
type (ii) 0.511 1 0.511
Hid member joints
long side 0.117 12 1.404
short side 0.063 12 0.756
link plate 0.023 12 0.276
Table 3.8 : Hass breakdown of prototype antenna (continued on next page).
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Item Description Mass (kg.) No. Total Mass (kg.)
Springs
type (i) 0.069 66 4.554
type (ii) 0.306 6 1.836
Miscellaneous
Pins & washers
(per set)
type (i) 0.008 78 0.624
type (ii) 0.026 6 0.154
Holding screws for
inserts 0.006 60 0.36
Mesh and support interface
(assumed figure). 2.0
Total Mass of Manufactured Antenna (kg.) 46.734
Table 3.8 : Mass breakdown of prototype antenna (contd.)
Mass Summarv
Item Description Total Mass (kg.)
Carbon Fibre Tubes 8.585
Node Assemblies 5.943
Node Assembly Inserts 6.723
Sliding Sleeves 4.341
Inserts to CFRP tubes 11.614
Springs 6.390
Screws, Pins & Washers 1.138
Mesh and support interface 2.0
Total Mass of Manufactured Antenna (kg.) 46.734
Table 3.8 : Mass breakdown of prototype antenna (contd.)
Aerospatiale 5.0m antenna Mass
(kg)
Structure :-
hinged bars, (x24)
bars 6.0
hinge fittings 1.152
actuated hinges 2.88
thermal protection —
adhesive and screws 0.05
crossing bars, (x7)
bars 2.07
junction fittings 3.15
stowing devices 0.28
thermal protection 0.15
adhesive and screws 0.05
stiffeners, (x24)
bars, (x24) 1.95
end fittings (sup.), (x48) 0.144
end fittings (inf.), (x48) 0.24
central hinge, (x24) 0.72
adhesive and screws 0.165
Mesh 2.75
Interface 5.3
Total mass 27.0
Table 3.9 : Mass breakdown for a six cell Aerospatiale 5.0m aperture
diameter deployable antenna.
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General Dynamics Space Systems 
5.0m antenna
Mass
(kg)
Struts, (xl02)
upper surface
tubes 4.1
hinges 0.6
end fittings & pins 2.3
diagonals
tubes 2.6
end fittings & pins . 0.1
lower surface
tubes 2.7
hinge 0.4
end fittings & pins 1.3
Spider assembly 3.9
Mesh instalation 2.2
Contingency 4.0
Total mass 24.2
Table 3.10 : Mass breakdown for a General Dynamics Space Systems' 5.0m 
aperture diameter deployable antenna
65
M.B.B. 5.0m antenna
External mast 
(Eurostar) 
(kg)
Central mast 
(Intelsat) 
(kg)
CFRP components
main ribs 22.68 22.68
hub 2.03 2.03
intermediate ribs 0.16 0.16
Mechanisms
mechanisms on the hub 
(including drive unit)
2.102 2.102
mechanisms in the rib 10.81 10.81
Mesh system
mesh 1.5 1.5
mesh fixing with cables 0.34 0.34
Reinforced main rib 
(including locking device) 1.9 —
Deployment mast 13.44 11.51
Hold-down system 2.17 
(clamp version)
2.72 
(pin version)
Total mass 46.78 43.5
Table 3.11 : Mass breakdowns for the M.B.B. 5.0m deployable antenna with 
central and external mast support systems
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Circle diameters for 3dB beamwidth at 1.6GHz.
-------------  13.0m aperture antenna
------------- 5.0m aperture antenna
................  3.0m aperture antenna
Fig.3.1 : 3dB beam s for 13.0m, 5.0m 
3.0m antennas
Fully deployed g Partially deployed
A -B ,B -(a ,G -A articulated members
B
H-A,H-B,H-Cnon-articulated members
Fig. 3.2 : The Unit Tetrehedron Building Block
'outer-ring'
'long radials’
'inner-ring'
EL
G : Central hub node 
H,I,J,K,L,M : Apexes of six tetrahedra 
(Inner-ring nodes) 
A,B,C,D,E,F: Outer-ring nodes
: typical tetrahedron
: additional articulated 
inner-ring members
Fig. 3 .3 : The Deployable Concept
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Fig. 3.4(a) : The Stowed Perspex Antenna
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Fig. 3.4(b) : The Partially Deployed Perspex Antenna
70
Fig. 3 .4 (c ) : The Deployed Perspex Antenna
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Link^Plate 
f — ' v — 7 " \c°T .r Sliding Sleeve
Joint Components
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CFRP tubes
’Partially Deployed’
’Stowed’
u  m •
j #  • _ _ _
’Deployed’
Fig. 3.5 : Typical Centre Member Joint
CFRP
tube
Joint
Component
Spring
’Stowed’
Sliding Sleeve
Receiving Component
Node assembly ’Deployed’
Pins ’P’
Fig. 3.6 : Typical Member End Joint
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6 - r
5
4
5.0m aperture
3
5.6m2
1
0
x=0.5 x=5.5 x-axis
0.5m offset
Fig. 3.7: Profile of Reflector Surface Plotted in x-y Plane at z=0
Reflective Surface
Stand-offs
B
Catenary System structural Member -
Tension in the catenary can be adjusted 
A at points ’A’ and ’G’ to retain correct
(refer to fig. 3.3 for pts. A,B and G). mesh profile
Fig. 3.8 : Fixing of Reflective Mesh using Stand-offs and Adjustable
Catenary System
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’outer-ring’
C,f E,DA,B
0.5m
’outer-ring’
’long radiais’ ’tripods’
’inner-ring’
’small radiais’
G : Central hub node 
A,B,C,D,E,F : Outer-ring nodes
H,I,J,K,L,M : Inner-ring nodes
Fixed support at node ’H’
Fig. 3.9 : Perspective & Elevations of Proposed 
Antenna
1st Mode, F =  3 .4 0 H z  (3-D view ) (Plan view )
2nd M ode,F =  3 .8 3 H z  (3-D view ) (Plan view )
3 rd M ode,F =  5 .50H z (3-D view ) (Plan view )
Fig. 3 .10  : First three mode shapes for model with outer ring.
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1st M ode, F =  3 .7 1 H z  (3-D  view ) (Plan view )
2 nd M ode/F =  3 .7 9 H z  (3-D view)
3 rd M ode/F =  4 .5 7 H z  (3-D view ) (Plan view)
Fig. 3 .1 1  : First three mode shapes for model w ithout outer ring.
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Perimeter Nodes
Inner ring nodes
Small articulated
Fig.3.12 ( a ) : Stowed Antenna
0.837m
X ----------- tT
0.83m
X ----------- tT
Launch
capacity
3.0m
Stowed
Antenna
members
1.64m
0.78m
Fig.3.12 (b ) : Envelope Dimensions for 
Stowed Antenna
5.6m
0.5m
0.25m
inner ring
tripods
n
small
radiais
7T
long radiais
a ,B ,r ,7 T ,Idifferent node types
support
► I
5.0m
25mm i.d. 1.2mm walls 
50mm i.d. 4.0mm walls
Fig. 3.13 : Dimensions and Member Sizes 
for Manufactured Antenna
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Fig. 3.14 : The Energy Loaded Joint and its Constituents
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Section through node assembly showing 
fixing of inserts
Typical node assembly
Typical Insert
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Fig. 3.15 : Detail of Insert Fixing
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Fig. 3.17 : The Deployable Antenna
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Chapter 4 : Experimental Analyses
4.1 Introduction
This chapter describes the experimental analyses undertaken during the course of the 
investigation.
Static stiffness and strength tests have been performed on the carbon fibre tubes to measure 
the requisite mechanical properties for use in the numerical analyses. Static tension, 
compression and torsion tests were undertaken for all tubes; buckling tests for the 
pullwound tubes were also carried out.
Modal analyses were undertaken for perspex and composite skeletal systems. This 
technique has been described, by Ewins, 1984, as the analysis whereby a ’modal model’ 
for a structure is determined. The ’modal model’, defined as a set of natural frequencies 
with corresponding vibration mode shapes and modal damping factors, can be determined 
experimentally by providing external excitation to the structure and measuring its response, 
or, numerically from the physical attributes of the structure; its stiffness, mass and damping 
properties.
The modal model provides a very efficient solution base for numerical dynamic analyses 
problems. The mode shapes of a linear structure define independent orthogonal 
displacement patterns which when combined, with suitable amplitude values, describe any 
given displaced shape of the structure; this principle, known as the principle of mode 
superposition, (Clough and Penzien, 1975), is particularly attractive because a limited 
number of vibration modes is often sufficient to provide an accurate representation of the 
displaced shape of a structure.
The recent advances in computer hardware and the versatility of finite element techniques 
have provided powerful analysis tools for the design engineer. Detailed mathematical 
models of complex structures can be readily generated and analysed. A high degree of 
correlation between the ’modal model’ for the structure determined numerically and that 
determined experimentally indicates a suitable mathematical model for the candidate
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structure for dynamic analyses. In these circumstances the numerical model can be used 
with confidence for further more detailed numerical analyses. Furthermore the numerical 
modelling techniques used can be adopted with greater confidence for the analyses of 
similar structures where there is no opportunity to perform experimental modal analysis.
Modal analyses were undertaken for a perspex scaled model of the prototype antenna, a 
composite unit building block of the same and the manufactured composite structure. The 
quality of the measured modes of vibration are quantified by checking that the measured 
modes satisfy orthogonality conditions (Targoff, 1976). Additionally the natural 
frequencies of selected carbon fibre/polymer composite tube specimens with and without 
bonded joint components have been measured.
The prediction of the modal damping factors, calculated from the frequency response 
functions, for the composite unit building block, which exhibits extremely low damping 
levels, are shown to be sensitive to the measurement techniques used, consequently an 
alternative transient technique using an acoustic noise source was used in this investigation.
Part A: Static and Strength Tests
4.2 Mechanical Properties of the Carbon Fibre Epoxy Resin (CFRP) Tubes
Two different sizes and manufacturing techniques were used for the CFRP tubes for the 
composite models. The 25.0mm internal diameter tubes were pullwound whereas the 
50.0mm internal diameter tubes were filament wound.
4.2.1 Tensile Testing of the Pullwound Tubes
Four specimens each 1.0m long were tested in axial tension. An Instron testing machine 
of type No.TTD TTDM was used for the tension, compression and buckling tests.
84
Aluminium tubes, 70mm long with an internal diameter of 30mm, were crimped and 
bonded to either end of the tensile specimens prior to being threaded on their outside 
surfaces to enable the specimens to be gripped by the Instron.
The outer surface of the tubes and the inside of the aluminium tubes were sanded and 
cleaned using a solvent prior to crimping. The aluminium tubes were annealed to prevent 
cracking during the crimping process.
The crimping process was achieved using a split steel block with a cylindrical cavity of 
external diameter equal to the external diameter of the CFRP tube plus twice the wall 
thickness of the aluminium tubes, figure 4.1. The dimensions of the cylindrical cavity is 
smaller than the external diameter of the aluminium tubes and therefore crimps the tube 
when the two split halves are forced together.
The internal diameter of the aluminium tube and the external diameter of the CFRP tubes 
were coated with an epoxy adhesive. The CFRP tube was positioned inside the aluminium 
tube and between the jaws of the split steel block. The two halves of the split steel block 
were pushed together thereby crimping the aluminium tube to the CFRP tube and providing 
a uniform glue line between the two. The crimp bond was allowed to cure for twenty four 
hours prior to testing.
The strain was measured using 8.0mm, Showa electrical resistance foil strain gauges. Six 
gauges were used on each specimen. Three gauges were positioned on the surface at 120 
degrees subtended at the centre of the CFRP tube in the longitudinal and hoop directions 
respectively.
The specimens were strained at a rate of 0.02cm/minute with force and strain readings 
taken every five seconds up to a maximum load of 5kN. A stress-strain plot was calculated 
for the average strain gauge readings in the respective directions at each measured load 
increment. Data regression analyses were undertaken to obtain the best linear fit to the 
experimental data.
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The slope of the stress-strain graph for the gauges in the longitudinal direction yields the 
modulus of elasticity in that direction.
The longitudinal Poisson’s ratio of the specimen was calculated from the ratio of the 
average strain in the hoop direction to the average strain in the longitudinal direction.
The stress-strain relationships of the specimens were seen to be linear and the results of the 
tensile tests on the five specimens are given in table 4.1 The results show a variation in 
longitudinal modulus of elasticity, between 118.6GN/m2 and 129.2GN/m2, (9%), for the 
four specimens. The Poisson’s ratios are seen to vary between 0.186 and 0.17, (9%).
4.2.2 Compression Testing of the Pullwound Tubes
The same four CFRP tubes tested in tension plus an additional tube were re-examined 
under compressive loading.
The specimen ends were cut square and tight fitting steel plugs were inserted into each end 
of the test specimens before they were fitted into a steel end piece, bored out to the 
external diameter of the CFRP tube and approximately 10mm deep. This end fitting 
arrangement protected the ends of the CFRP tube during the application of the load and 
also prevented local splitting or splaying of the ends of the tubes.
The tubes were similarly tested to 5kN at a strain rate of 0.02cm/minute. The modulus of 
elasticity and the Poisson’s ratio in the longitudinal direction measured in compression are 
given in table 4.1 adjacent to the tensile test results.
Figure 4.2 shows a typical load versus strain graph for the tested samples showing the 
average and individual strain values at each load increment. The relationship is again 
linear and the compression moduli vary between 117.6GN/m2 and 127.93GN/m2, (8.5%), 
and are consistently lower than the values measured in tension. The Poisson’s ratio values 
vary between 0.175 and 0.186, (6.3%).
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4.2.3 Buckling Tests on the Pullwound Tubes
The same five CFRP tubes tested in tension and compression are loaded up to a maximum 
load of 20kN to determine their respective buckling loads.
The samples were prepared and mounted in the Instron testing machine in the same manner 
as for the compression tests.
Three of the specimens buckled at loads less than 20kN, varying between 14.5kN and 
17.0kN, table 4.1. Figure 4.3 shows a typical load versus strain path for a buckled tube 
showing that the tube recovered completely in its post buckling phase.
4.2.4 Torsion Tests on the Pullwound Tubes
Five 240mm long specimens were tested using a ’Tecquipment’ torsion testing machine to 
determine the shear modulus of the CFRP specimens.
The test specimens were mounted on manufactured end fittings, inserted into each of its 
ends, as shown in figure 4.4. The length of end fitting protruding beyond the ends of the 
test specimens was hexagonally shaped to allow the fitting to be securely gripped by the 
test apparatus. Two split rings fitted with flat upstands are clamped to the test specimen 
a distance *1* apart.
A uniform torque was applied to the specimens in increments of 2.0N-m up to a maximum 
value of lO.N-m. The deflections at upstands, points ’A’ and ’B \ distance T  apart on the 
tubes are measured using dial gauges and the relative angular displacement between the two 
sections calculated for each torque increment.
The shear modulus is then calculated from the angular displacement, the applied torque and 
the geometrical properties of the section.
87
The relationship between the applied torque and angular displacement was seen to be linear 
and the shear moduli of the five specimens tested are shown in table 4.2.
4.2.5 Compression Strength Test for the Pullwound Tubes
Five samples 40mm long were tested to failure in compression. The same end fittings used 
for the compression stiffness tests were employed to prevent splaying or splitting of the 
tube ends prior to failure.
Failure of the specimens was characterised by crushing of the tubes and occurred 
consistently at approximately 50kN.
4.2.6 Tensile Testing of the Filament Wound Tubes
Three tube specimens 750mm long were examined in tension. The relatively large external 
diameter of the filament wound tubes meant that the crimp bonds used for the pullwound 
tubes were not suitable for these larger sections and an alternative method of gripping the 
tubes was used.
Steel cylindrical plugs approximately 110mm long, milled to a flat at one end, for gripping 
by the Instron machine, were inserted approximately 75.0mm into each end of the test 
specimens, figure 4.5. Half inch diameter silver steel pins were secured in a hole drilled 
through the CFRP tube and the steel inserts.
The advantage of using an internal plug with the pin arrangement was that any losses local 
to the pin holes would have been visible.
The same gauge type and arrangements as previously used were adopted. The tubes were 
tested to 5kN at a strain rate of 0.02cm/minute.
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The modulus of elasticity and the Poisson’s ratio in the longitudinal direction are given in 
table 4.3. The moduli of elasticity vary between 134GN/m2 and 141.1GN/m2, a difference 
of 5 % with respect to the higher value. The variation in Poisson’s ratio is of the order of 
50% with respect to the higher value.
4.2.7 Compression Testing of the Filament Wound Tubes
The three specimens tested in tension are further examined in compression. The same type 
end fittings used for the pullwound tubes are employed and the tubes are tested up to 5kN 
at a strain rate of 0.02cm/minute.
The compression test results are included in table 4.3 adjacent to the tensile results. The 
moduli of elasticity measured in compression vary between 133.3GN/m2 and 140.3GN/m2, 
and are consistent with the results measured in tension.
The variation in Poisson’s ratio, between the highest and lowest measurement and with 
respect to the former, is again of the order of 50%. The strain, and hence the change in 
voltage measured due to elongation of the strain gauges, was extremely small in this 
direction, typically 50 microstrain, and hence susceptible to measurement error.
4.2.8 Torsion Testing of the Filament Wound Tubes
The filament wound tubes proved too large to be tested using the ’Tecquipment’ apparatus 
and an alternative method of obtaining the shear modulus of these tubes was developed.
The test apparatus is shown in figure 4.6. One end of the test specimen is securely 
clamped in position by means of a steel dowel pin mounted in a solid timber frame clamped 
to a work top.
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A half inch piece of steel bar, 450mm long is passed through a hole in the free end of the 
specimen from which two sets of weights acting in opposite directions, one of which is 
applied via a pulley system, subject the specimen to a uniform measurable torque.
Two 750mm long specimens were tested. The relative displacements of two points distance 
T  apart was measured using dial gauges resting against upstands which are screwed to the 
specimen. The relative rotations are calculated and the shear modulus is calculated from 
the slope of the moment versus rotation graph.
The shear moduli for the two tubes tested are given in table 4.4.
4.2.9 Discussion on the Mechanical Properties of the Carbon Fibre/Polymer Composite 
Tubes
The tension, compression and buckling tests show a variation of approximately 9% and 
5%, for the pullwound and filament wound tubes respectively, in measured stiffness values 
across the sample of tubes tested. This deviation in mechanical properties is most likely 
due to a variation in the orientation of the fibres during the manufacturing process as they 
were wound onto the mandrels.
The moduli of elasticity in tension are consistently higher, albeit by less than 1%, than 
those in compression. The lay-up of the tubes include both longitudinal and hoop fibres, 
0° and ±70° for the pullwound tubes and ±5° and 89° for the filament wound tubes. In 
the tension tests it is probable that the hoop direction fibres tend to be pulled toward the 
0° direction; the converse is true for the compression tests and hence the moduli measured 
in tension are slightly higher than those obtained by compression tests.
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Part B: Experimental Modal Analysis
4.3 Experimental Modal Analysis
The equation of motion for a damped ’N’ degree of freedom structure excited by a set of 
forces, all at the same frequency but with various phases and amplitudes is given by
m m ) w m = { /© }  (4-1}
yielding,
{*H[/q *iw[Q-w2myl\f\ (4-2)
for an assumed solution of the form {x(t)}={x}elwt or,
^}=[a(w)]{/} (4-3)
where [a(w)j is an NxN matrix, called the receptance matrix. The individual components 
of the matrix [a(w)j are called frequency response functions, (FRFs), and for a system with 
a single excitation are given by
and it is observed that the elements of this matrix, which are complex and functions of 
frequency, can be derived by exciting the structure with a known force and measuring its 
response.
The frequency response functions, for the case of viscous damping1, can be derived 
theoretically using the modal parameters and are shown to be (Ewins, 1984):-
^imilar expressions exist for hysteretic and proportional damping models.
(4.4)
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where,
.Ajk = a complex modal constant for the r* mode, 
wr = the natural frequency of the r* mode, 
and Br = the modal critical damping ratio for the r* mode.
Equation 4.5 is central to experimental modal analysis. The structure is excited by an 
external energy source and its response measured. The individual frequency response 
functions are calculated by transferring the excitation and response data from the time 
domain to the frequency domain, using an FFT algorithm (Brigham, 1988), and computing 
the ratio on the left hand side of equation 4.5. Curvefitting techniques can then be used 
to extract the modal parameters given on the right hand side of the same equation.
The modal analysis technique pre-supposes that the structure is linear in its response. The 
essential properties of amplitude scaling and the principle of superposition do not apply for 
non-linear structures.
Busby, Nopom and Singh, 1986 have discussed the feasibility of performing modal analysis 
for non-linear systems and have concluded that the measured data can give a rough idea 
about the system behaviour and also alert the analyst to the existence of non-linearities.
A force state mapping technique developed by Crawley et al., 1987, can be used to relate 
the force transmitted through a non-linear system to the velocity and displacement of the 
system.
However, because the response of a non-linear structure is dependant on the type and level 
of the force input an envelope solution based on discrete natural frequencies and mode 
shapes of vibration cannot be achieved.
In this investigation the advantages of a linear structure in the further development and 
predictability of the dynamic response of the deployable structure has led to the 
examination of linearisation techniques for the test models to facilitate the use of established 
modal analysis techniques.
4.4 Hardware Description
A typical experimental set-up for the modal analysis of a skeletal structure is shown in 
figure 4.7. The hardware components included, an external energy source in series with 
a force transducer to excite the structure and measure the excitation force, an accelerance 
transducer to measure the response of the structure and a signal analyser to digitise and 
record the transducer signals before calculating the frequency response functions. Charge, 
volt and power amplifiers were employed where necessary to amplify the electrical signals. 
A Hewlett Packard Series 300 computer, linked with a 100Mbyte hard disc for mass 
storage, supported the modal analysis and curvefitting software package.
The B&K model 8202 (Bruel and Kjaer, 1985) and the PCB Piezotronics model 86B01 
(PCB, 1990) impact hammers and a Ling Dynamic Systems series 200 electromagnetic 
shaker (Ling, 1985) were used as external energy sources for the test structures. The 
shaker operating range was DC to 13kHz with a maximum throw of 2.5mm and capable 
of developing a maximum thrust of 17.8 N.
The force imparted to the structures was measured using B&K model 8200 (Bruel and 
Kjaer, 1985) force transducers suitable for measuring 1000N tensile to 5000N compressive 
forces. A lightweight, one gram, Piezotronics accelerometer, with an operating range of 
3Hz-25kHz, was used on all structures.
The dual channel HP3562A Dynamic Signal Analyser, with a measurement range of 64/jHz 
to 100kHz was used throughout the investigation. The analog signals received from the 
force and response transducer are converted to 14-bit digital words at a sampling frequency 
of 256kHz, prior to being filtered to the desired frequency span. The filtering process also 
ensures even distribution of the data samples across the time record. The filtered signals
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are weighted by the appropriate window functions, (Hewlett Packard, 19861 and Herlufsen, 
1984), and finally transformed to the frequency domain using the fast fourier transform 
processor before being operated on, by a floating point processor, to calculate the desired 
measurement displays, namely the frequency response and coherence functions, (Hewlett 
Packard, 19862).
The signal analyser furthermore controls the type of energy source when external excitation 
is provided by the electromagnetic shaker. The analyser is capable of generating random 
noise excitation, burst chirp excitation, periodic chirp excitation, fixed sine excitation and 
steady state sinusoidal excitation.
The choice of source excitation is essentially user and test dependant. The steady state 
sinusoidal and random noise source excitations have been variously used during the 
investigation. The random noise source is favoured for low frequency measurement, 
< 10Hz, as the steady state sinusoidal source relies on the system achieving steady state 
conditions which can be very time intensive at low frequencies.
4.5 Software Description
The Entek Easy Structural Analysis Software Package, Version 3.5 (Entek, 1991) was used 
to curvefit the experimental data, extract the modal parameters and compute the mode 
shapes. The extraction techniques supported by the Entek software package are 
Coincident/Quadrature Extraction, Single Degree of Freedom Curvefitting and Multi 
Degree of Freedom Rational Fraction Polynomial Curvefitting.
The software package supports a mesh generation subroutine for the geometric description 
of the test structures. Frequency response functions are measured and recorded for three 
orthogonal directions to provide a complete description of the mode shapes.
The coincident/quadrature (’pick peak’) method is the simplest mode shape extraction 
process. At resonance the real part of the frequency response functions are seen to be 
zero, from equation 4.5, and the imaginary part a maximum; the resonant frequencies are
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the peaks of the frequency response functions and the mode shape components are its 
respective imaginary values. The percentage modal damping can then be calculated using 
the ’half power points’ technique, (Meirovitch, 1986).
The single degree of freedom curvefitting procedures are based on the assumption that near 
resonances the response is governed by one mode, (of the series given in equation 4.5), 
only and that the effect of the remaining modes are assumed to be independent of frequency 
and are allowed for by a single constant term. A polynomial or circle, depending on the 
type of response measurement, giving the best least squares fit is calculated for the 
measured data and the modal parameters are derived.
For closely spaced modes it is often not valid to assume that the response at resonance is 
governed solely by the contribution of a single mode. The multi-degree of freedom rational 
fraction curvefitting procedure uses a rational fraction polynomial to analytically represent 
the measured frequency response function, (Brown et al., 1979). The modal parameters 
for the number of modes, specified by the analyst, within a given frequency fit range can 
then be determined.
4.6 The Candidate Structures
The goal of the experimental analyses is to verify the numerical modelling techniques 
employed for the full scale manufactured deployable antenna by determining and comparing 
its numerical and experimental modal models. As a preliminary to the analysis of the full 
scale structure two further skeletal models were considered; a perspex antenna and a 
composite unit building block of the full scale antenna.
The perspex model was a skeletal antenna, similarly configured to the full scale antenna, 
manufactured from circular hollow perspex tubes with solid disc nodes. The unit building 
block comprised one sixth of the full scale antenna.
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4.7 The Support Conditions
The experimental analyses for the candidate structures were carried out for two different 
support conditions.
In its orbit the 5.0m antenna will be rigidly attached to its supporting spacecraft via a 
deployment boom, assumed rigid for this investigation, and thus ideally a support providing 
restraint against displacement and rotation at a single node should have been considered for 
each of the candidate structures. However, from a practical point of view, it was not 
possible to completely fix the full scale structure. Fixed supports have been provided for 
the perspex model and the composite unit building block.
An alternate solution is to test the structure in free-free conditions. This condition means 
that the structure is not grounded at any point but is hung on a low frequency suspension 
system thereby isolating the support conditions from the structure under test. Generally 
a structure to be tested in free-free conditions is suspended on soft springs in series with 
suitable lengths of string or cord. The long support lengths reduce the pendulum modes 
of the suspension system and provide little resistance to lateral displacement, while the soft 
springs allow displacement parallel to the suspension system.
A powerful advantage of the free-free support systems is that theoretically the response of 
the fixed system can be determined from the properties of the structure with no boundary 
constraints; this relationship is not applicable in the other direction because of the fewer 
degrees of freedom present for the fixed case, (Blackwood and Flotow, 1988).
4.8 The Perspex Model
Plan and elevations of the perspex model are shown in figure 4.8. The mechanical energy 
loaded joints have not been included in the model and all members are continuous.
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The node assemblies have been manufactured from shallow perspex discs, figure 4.9. 
These disc nodes have been pre-drilled to accept the perspex tubular members at the 
requisite angles; the tubes are then bonded in position using an epoxy glue.
A previous perspex model of the antenna used stub nodes, figure 4.9, with brass pins and 
epoxy glue. These nodes however were observed to behave nonlinearly during the 
experimental analyses and hence great care has been taken to ensure that the nodes for the 
most recent perspex model are capable of providing translational and rotational restraints 
at the member ends, thereby ensuring a linear structure and facilitating the experimental 
modal analysis of the structure.
Two different member sizes were included in the perspex model, 10mm external diameter 
tubes with 1.0mm wall thickness and 12.0mm external diameter tubes with 2.0mm wall 
thickness. The larger tubes were placed local to the node at which the model was 
supported for the ’fully fixed’ experimental analyses in order to model the mass symmetry 
of the full scale composite structure.
4.8.1 Free-Free Support Conditions
The perspex antenna is shown suspended in free free conditions in figures 4.10 (a) and (b).
The choice of support location and model orientation is governed by the nature of the 
modes that the analyst is seeking to determine; to this end a preliminary numerical modal 
analysis was performed for the structure to estimate the nature of the mode shapes. The 
lower modes of the perspex model in free-free conditions exhibited global displacement 
patterns predominantly in a direction perpendicular to the reflecting surface of the model. 
Armed with these mode shapes predictions the model was suspended at two of the nodes 
on the inner ring, nodes ’a’ & ’c’, as shown in figure 4.10.
External excitation of the structure was provided using an impact hammer. The impact 
hammer was chosen for the analysis as these relatively small perspex models have been
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shown by Sparry, 1991 to be susceptible to mass loading caused by the attachment of force 
and acceleration transducers.
Experimental measurements were taken at the node points of the structure. The advantage 
of restricting the analysis to the node points, for this model, means that the requisite 
angles, to enable measurement of the frequency response functions in three mutually 
perpendicular directions, can be machined onto the faces of the node assemblies and hence 
mounting blocks, or similar such devices, which could cause mass loading on such a small 
and light structure are not required.
The lower mode shapes were global vibration modes with little member deformation and 
hence the measurement of frequency response functions for points along the lengths of the 
structural members would have been superfluous.
The point accelerance for the impact hammer test, taken on node T , is shown in figure 
4.11. The system is characterised by three broad peaks in the frequency response function 
due to the relatively high damping factor for perspex, typically 3%, (O’Neill, 1989). The 
distortion of the frequency response function at the lower end of the FRF is due to the rigid 
body modes of the suspended structure. These modes are significantly lower than the first 
natural frequency of the perspex model and hence do not effect its response.
The natural frequencies and damping factors for the perspex model are given in table 4.5. 
The damping values calculated are typical of bonded perspex structures. The first three 
modes of vibration are compared with the numerically predicted modes in Chapter 6, (cf. 
figure 6.2).
The results of the orthogonality checks on the mass normalised mode shapes are given in 
table 4.6; for well isolated normal modes Targoff, 1976, suggests that the main diagonal 
should approach unity with off diagonal terms less than 0.1.
The results of the analysis on the measured modes show that there is a high degree of 
coupling between mode numbers one and two whereas mode number three is well isolated. 
The relatively high damping factors for this structure makes the separation of the first two
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closely spaced modes difficult. Using an algorithm developed by Hasselman, 1976, a 
frequency spacing of at least 10.0Hz is necessary to enable complete isolation of structural 
modes with up to 3% damping.
The experimental modal analysis was performed for the first three modes of the structure 
only. The higher modes, numbers four to eight, of this structure are bending modes of the 
long radial members and are therefore not detected by excitation at node T .
Further experimental analyses were performed exciting the structure at ninety degrees to 
one of its long radial members using the impact hammer and the shaker.
The frequency content of the forcing function obtained using the impact hammer is 
dependant on the mass and velocity of the hammer at impact and on the relative stiffness 
of the hammer tip and the impact location, (Hewlett Packard, 19862) . Using the impact 
hammers and the different stiffness tips available it was not possible to supply energy over 
a sufficiently broad frequency range for this structure to excite the higher modes. 
Furthermore, a high frequency resolution, and hence relatively long time records, would 
be required to identify each of these closely spaced modes which were expected to occur, 
by numerical analyses, between 55.0Hz and 62.0Hz.
Excitation of these higher modes was therefore attempted using the mechanical shaker. 
The shaker was attached in series with a force transducer, via a stinger, which was in turn 
screwed into a split perspex ring clamped to the mid point of the member to ’k’ from the 
centre, (figure 4.10).
The point accelerance is shown in figure 4.12, giving a single mode of vibration at 45.5Hz. 
Transfer accelerances taken on the other five long radial members at their mid-points, one 
of which is shown in figure 4.13, showed that the mode excited was local to the member 
along which excitation was provided.
The finite element analyses discussed in chapter five show that the addition of the mass of 
the split ring and the force transducer, 9.06 grams, destroys the symmetry of the higher 
modes.
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The addition of the experimentation hardware to the relatively massive deployable structure 
produces negligible mass loading and hence this problem is not treated further for this 
model.
4.8.2 Fully Fixed Support Conditions
A support providing translational and rotational restraint against movement was provided 
at node ’b’ on the inner ring of the model at the intersection of the three larger diameter 
tubes. The support was achieved by bolting the model, at this node, to a stanchion as 
shown in figure 4.14.
The choice of model orientation for the analyses has been governed by the expected mode 
shapes.
The modes of interest were the lower modes which in this instance number three and occur 
between 2.5Hz and 7.5Hz and thus in an attempt to provide greater control of the 
excitation and sufficient resolution over the frequency range and without recourse to 
excessively long time records, the model was excited at node T  (see figure 4.10) with the 
shaker. A steady state sinusoidal energy source was used to excite the structure. The 
natural frequencies and modal damping factors for the fully fixed case are given in table
4.7 and the vibration mode shapes, (cf. figure 6.5) are compared to the numerical 
predictions in Chapter 6.
The orthogonality checks for the measured mode shapes, given in table 4.8, indicate a large 
degree of coupling between mode numbers two and three for this analysis and it is possible 
that one or other or both extracted modes may not have been well isolated. The coupling 
terms between the first and remaining modes are small indicating that the first mode of 
vibration is orthogonal to the remaining two. As explained above the high levels of 
damping experienced by the perspex structures hinders the separation of closely spaced 
modes.
100
4.9 The Carbon Fibre Tubes
Carbon fibre tubes, of various lengths, were tested in simulated free-free conditions, using 
the impact hammer, to determine their respective natural frequencies.
Supports were provided at the ’node* points of the first mode of vibration of a uniform 
beam in free-free conditions determined from classical theory, (Thomson, 1965).
For the 25.0mm internal diameter tubes a 2.379m length, a 2.8m length and five nominal 
1.0m length tubes were tested. A 1.56m length tube with its titanium inserts has also been 
considered. The experimental results are given in table 4.9.
A complete modal analysis for the 2.379m, 25.0mm internal diameter member length was 
performed for comparison with the numerically extracted modes in Chapter 6.
4.10 The Composite Unit Building Block
The composite unit building block comprises one partial tetrahedron extracted from the full 
scale composite antenna as shown in figure 4.15. The unit was considered with:-
(i) energy loaded joints at the ends of all structural members,
(ii) energy loaded joints at the ends of the non-articulated members only
and,
(iii) no energy loaded joints.
The node assemblies used in its manufacture are similar to those used in the full scale 
structure.
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4.10.1 Composite Unit Building Block with Energy Loaded Joints
The suspension system and measurement locations for the unit are shown in figure 4.15; 
the structure was excited at ninety degrees to one of the long radial members in the plane 
of the figure. Three frequency response functions, all measured at the excitation point but 
with varying power inputs are shown in figure 4.16. The respective frequencies for each 
of the power levels are given in table 4.10. The measured frequencies and amplitudes of 
the frequency response functions are seen to be dependant on the power input to the 
structure. The trend of decreasing frequency with increasing sinusoidal power input to the 
structure is typical of a non-linear response, (Ewins, 1984).
It is believed that the non-linearity is caused by the energy loaded joints. The transfer of 
energy around the structure is amplitude dependant due to the small gap between the tube 
fittings and the sliding collars in the joints; the amount of energy transferred being 
dependant on the strain energy developed in the sliding collars.
The measured frequencies were furthermore significantly lower than those obtained from 
preliminary finite element analyses which predicted that the linear structure would have a 
first frequency below 10Hz and a group of four frequencies between 15Hz and 30Hz. The 
frequency response measurements showed four frequencies grouped between 13Hz and 
17Hz and significantly no frequency below 10Hz was detected. This is consistent with 
work carried out by Moon and Li, 1990, on a truss with linear and non-linear joints which 
showed that the measured frequencies for a truss with non-linear joints were lower than 
those for the same truss with linear joints.
Hsu, Griffin and Bielack, 1989 and Moon and Li, 1990, who have discussed the effects 
of joint scaling and gravity loading on the dynamic response of jointed structures have 
shown that the degree of non-linearity can be reduced by testing the structure under a state 
of prestress which can then be numerically eliminated to predict the response of the 
unstressed structure.
The effect of introducing a small preload into the unit was achieved by removing the 
central support, see figure 4.15. Measurements taken at the excitation point, again with
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varying power levels, are shown in figure 4.17. The frequencies, given in table 4.11, are 
seen to be slightly higher than those detected with four supports, due to the bias introduced 
by the preload in some of the joints, although the response of the structure remains non­
linear.
The articulated members were replaced by continuous members with no energy loaded 
joints in an attempt to linearise the structure.
4.10.2 Composite Unit Building Block with Continuous ’Articulated’ Members
An examination of the mode shapes for the linear structure showed that the group of four 
modes between 15Hz and 30Hz are characterised predominantly by vibration of the long 
articulated members. The effect, on the response of the structure, of linearising these 
members was considered by removing six energy loaded joints from the structure and 
replacing the articulated members with continuous members bonded to the node assembly 
inserts.
Frequency response functions at the excitation point for varying power levels are shown 
in figure 4.18 and 4.19 with their associated frequencies in tables 4.12 & 4.13 for four and 
three support points. The same general trend as in the case of the unit with articulated 
members is observed. The measured frequencies decrease as the power input is increased 
and the frequencies measured using three supports are slightly higher than those detected 
with four due to the preload induced in the structure.
The first frequency remains undetected although in this case the values of the group of four 
frequencies are approximately 50% higher than in the previous model. The degree of non- 
linearity is also significantly smaller as witnessed by the smaller shift in the numerical 
value of the measured frequencies, a maximum of 2% compared with 5 % for the previous 
model. The increase in measured frequencies is due to the linearisation of the articulated 
members and underscores the advantages in terms of stiffness of the partially linearised 
model over the model with a full complement of non-linear joints.
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The absence of the first mode in the measured frequency response functions is explained 
by examining the predicted shape of its mode of vibration from the finite element analyses; 
the structure can be described as constituting two wings ’flapping’ in phase with its axis 
of symmetry remaining stationary. Clearly this mode relies on the integrity of the joints 
at the central node which for this model and the previous one, behave as pin joints up to 
a certain amplitude level.
4.10.3 Composite Unit Building Block with Continuous Members
The removal of the articulated members in the previous section has seen a reduction in the 
degree of non-linearity of the unit and also an increase in the stiffness of the structure. The 
response of the structure remained non-linear and therefore unsuitable for modal analysis.
In order to confirm the hypothesis that the energy loaded joints are the source of the non- 
linearity and thereby attempt to provide a method for linearising the response of the 
structure the remaining jointed members, (a-c, c-b and c-d, figure 4.15), were replaced by 
continuous tubes and the structure retested.
The structure was supported using 4.0m lengths of nylon string in series with soft springs; 
four support points were used as the tests on the previous models had shown that three 
supports induced a state of stress in the structure, due to the relatively large mass of the 
unsupported node, which caused an increase in the natural frequencies.
The effect of varying the force levels on the frequency response functions for the excitation 
point is considered along with repeatability and reciprocity checks, (Ewins, 1984), to assess 
the linearity of the structure.
The frequency response functions overlaid on each other are shown in figure 4.20. 
Reciprocity and repeatability checks for the structure, over a broader frequency range, are 
shown in figures 4.21 & 4.22.
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The resonant frequencies did not experience a shift in values as the forcing levels were 
changed and the measurements were seen to be repeatable and exhibit reciprocity. The 
structure was therefore linear and it was concluded that the source of the non-linearity was 
the energy loaded joints.
The linearised unit building block was suitable for modal analyses and was considered with 
free free supports and a fully fixed support.
4.10.3.1 Free-Free Supports Conditions
The unit was suspended on lengths of nylon string, not less than 4.0m, in series with soft 
springs at each of its node assemblies.
The unit was excited using a random noise energy source via the shaker and with the 
impact hammer. The measurement locations for both analyses are shown in figure 4.15. 
The structure was excited in the plane of the figure at ninety degrees to one of the long 
radial members.
The frequency response functions for the reference location for the impact and shaker 
excitations are given in figures 4.23 & 4.24 respectively. The frequency response function 
measured using the impact hammer, figure 4.23, shows five distinct resonance peaks. The 
response function obtained using the mechanical shaker, figure 4.24, is less smooth and 
characterised by splitting of the higher four resonance peaks and a distortion of the first 
resonance peak. Comparison of the experimental modes of vibration shows that a more 
orthogonal set of mode shapes were obtained by impact testing suggesting that the 
attachment of the mechanical shaker to the structure has effected its response.
The first five modes of the structure were determined experimentally. The natural 
frequencies and modal damping factors for the two analyses are given in tables 4.14 & 
4.15. The provision of linear joints, by bonding continuous members in position results 
in a further increase in frequency over the non-linear models for the group of four modes 
predicted between 15Hz and 30Hz and the first mode of the structure has also been
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detected. The experimentally derived modes of vibration are compared to the numerical 
ones in Chapter 6, (cf figure 6.8).
The difference in natural frequencies is observed to be less than 2.5% for each of the 
measured modes using the two different excitation techniques.
The estimation of the modal damping factors for each of the modes however are mistrusted. 
The damping factors predicted are high for a bonded linear composite structure. 
Experimental modal analyses undertaken by Sparry ,1992, on composite material skeletal 
structures yielded damping factors typically less than 0.5%.
The accuracy of the damping predictions are highly sensitive to the frequency resolution 
of the measured frequency response functions. The ’half power point’ technique uses the 
bandwidth of the frequency response function at the half power points of the resonance 
frequency, determined graphically or using interpolation, to estimate the modal damping 
factors. The percentage modal damping for each mode is given as
f=—  (4.6)w.
The nature of the shape of the frequency response function means that the levels of 
damping are always overestimated because of the difficulty in calculating the correct 
bandwidth at the half power points; the actual bandwidth will always be overestimated and 
for a given frequency resolution the magnitude of the error will be more significant at 
lower resonant frequencies.
This problem is particularly relevant to lightly damped structures which exhibit sharp 
resonance peaks and hence demand high frequency resolution to enable accurate 
determination of the half power points.
The curvefitting techniques fit expressions of the type presented in equation 4.5 to the 
measured data and thereby extract the modal parameters; the accuracy of the damping
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factors remain sensitive to the frequency resolution as is illustrated by the measured and 
curvefit data, plotted in the argand plane, for mode number two measured using the shaker, 
figure 4.25. The curvefitting process is also seen to overestimate the damping and also the 
amplitude of the frequency response function at resonance.
The frequency resolutions used for the impact and shaker tests for this structure were 
lOOmHz and 40mHz respectively. The resolution of the frequency response function is a 
function of the length of the transient time records used in the measurement process.
The shaker offers greater control over the excitation and hence longer time records and 
higher frequency resolutions can be used; the force measured using the impact hammer is 
more susceptible to noise and may produce poor frequency response functions for long time 
records.
It is, however, believed that additional damping may be introduced into the system due to 
the attachment of the shaker to the structure, which cannot necessarily be assumed to be 
completely frictionless and may hence contribute significantly to the measured damping 
factors.
An alternative non-intrusive method of determining the percentage modal damping was 
proposed and is discussed in section 4.11.
The structure was excited using a non-intrusive acoustic noise source and the modal 
damping factors were calculated from the free decay of the transient response of the 
structure in the time domain.
Orthogonality checks on the mass normalised mode shapes measured using the two test 
techniques are given in tables 4.16 & 4.17. The off diagonal terms in the case of external 
excitation using the shaker are significantly higher than those for the analysis undertaken 
with the impact hammer.
It is believed that the attachment of the shaker interferes with the response of the structure 
and biases the response of the structure by hindering the development of certain modes.
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This supports the belief, discussed above with reference to the appearance of the frequency 
response functions, that the response of the structure was affected by the attachment of the 
shaker.
The off diagonal terms for each of the modes examined with the impact hammer are small 
except for mode number four where there is coupling with mode two and to a lesser degree 
mode number three.
4.10.3.2 ’Fully-Fixed’ Support
A steel plate with a spigot sized to sit in the hollow of the node assembly was manufactured 
and bolted tightly to a concrete floor to provide a fully fixed support condition.
Preliminary finite element analyses had predicted a band of four frequencies occurring 
between 5.5Hz and 7.0Hz. The natural frequencies in this lower range proved difficult to 
measure, their respective values being determined by the integrity of the fully fixed support 
provided.
It did not prove possible to measure these lower frequency modes using the shaker. It is 
believed that the attachment of the shaker to the relatively flexible members prevented the 
structure from vibrating in its lower modes.
The modal analyses for the structure were hence performed in two parts. The lower 
modes, numbers one to five, have been measured using the impact hammer and the higher 
modes, numbers five to eight, have been examined using the shaker. The shaker has been 
used for the higher modes to provide a greater frequency resolution.
The measurement locations for the analyses are given in figure 4.15. The structure was 
excited in the plane of the figure at ninety degrees to one of the long radial members using 
the shaker and at the node marked ’A’ using the impact hammer.
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The natural frequencies and modal damping factors for the fully fixed unit are given in 
tables 4.18 & 4.19 and the associated modes of vibration are included with the numerically 
predicted modes for comparison in Chapter 6, (cf. figure 6.11).
The orthogonality checks, for both analyses, on the experimental mode shapes are shown 
in tables 4.20 & 4.21. Table 4.20 shows the orthogonality matrix for the first five modes 
measured using the impact hammer. The off diagonal terms for all modes except mode 
number two are less than 0.2. There is however significant coupling between the first and 
second measured modes and it is suspected that one or other of these modes may not have 
been well isolated and measured.
Table 4.21 shows the orthogonality matrix for mode numbers five to eight measured using 
the mechanical vibrator. There is cross coupling between modes one and two and modes 
one and three but otherwise the off diagonal terms are small.
The modal damping factors calculated using the impact hammer are high due to the 
relatively coarse frequency resolution, lOOmHz, employed for the analysis, leading to 
overestimated predictions of the half power points and hence the damping factors. The 
values obtained using the shaker with a frequency resolution of 40.0mHz are typical of the 
level of damping expected.
4.11 Measurement of Modal Damping Factors for the Composite Unit Building Block 
using an Acoustic Noise Source
Accurate predictions of the modal damping factors for the composite unit building block 
were difficult to achieve. The calculated modal damping factors were very sensitive to the 
frequency resolution of the frequency response functions and it is believed that the 
attachment of a mechanical shaker to the test object may have distorted the real damping 
factors.
An alternate method using the free decay time response of the structures for selected 
modes, excited by the use of an acoustic noise source was developed. The structure was
109
excited at each resonance using a loudspeaker. The energy supply was then removed and 
the decay rate of the time response analysed to predict the modal damping factors for each 
mode.
This method of determining the damping coefficients offered two important advantages over 
the frequency response function based techniques. The excitation was non-intrusive and 
thereby added no additional damping to the system during the decay period. Additionally 
each mode was excited individually and therefore the measured data contained information 
pertinent to one mode only.
The experimental set-up for the damping analyses is shown schematically in figure 4.26. 
The hardware components used are essentially the same as those used for the modal 
analysis and are described earlier in the chapter.
The external excitation was provided by a loudspeaker driven by a sine wave generator. 
The HP3562A digital analyser was used to measure the response of the structure which was 
then transferred to the hard disk for post processing.
The dimensions of the loudspeaker are shown in figure 4.27. The loudspeaker system was 
optimised, by Celestion International Ltd., Ipswich, to provide maximum efficiency 
between 15Hz and 35Hz. The loudspeaker used was a fifteen inch diameter speaker with 
a power rating of 200watts.
A Fortran program written to analyse the time domain data calculated the decay rate of the 
measured signal from which the respective modal damping factors were determined.
The modal damping factors were calculated from the decay rate of the acceleration versus 
time traces. The viscous damping model was used to calculate the damping factors. The 
damped equation of motion of an N degree of freedom system in free vibration in a single 
mode is given by
x = e~*wt (A cosw/ + B sinwj) (4-7)
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Equation (4.7) is an exponentially decaying waveform made up of sine and cosine 
components. The Fortran program selected each peak of the acceleration waveform before 
plotting the respective peaks against time on a log scale. A data regression analysis was 
performed to determine the slope of the resulting plot from which the modal damping 
factors were determined.
4.11.1 Method of Analysis
The test structure was supported using the appropriate support conditions for each analysis.
The loudspeaker was tuned, in turn, to each of the natural frequencies of the test structure 
using the sine wave generator.
An initial time record was measured while the structure was being excited. The response 
versus time data was recorded using the signal analyser and transferred to the frequency 
domain for inspection. The response of the structure, in the frequency domain was 
examined to assess the modal purity of the time response data. If the loudspeaker provided 
energy to the structure at a resonance frequency the frequency response function exhibited 
one peak only, at the excitation frequency.
The energy source was then removed by cutting the power supply to the loudspeaker and 
a second time record was taken for the structure in free vibration in a single mode. This 
decay rate of the response versus time data was then analysed to determine the modal 
damping factor specific to the excited mode.
The modal damping factors for the composite unit building block were measured for mode 
numbers two to five with free-free supports and mode numbers five to eight for the fixed 
case. These modes lie within the frequency range for which the loudspeaker has been 
designed.
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4.11.2 Free-Free Support Conditions
The same suspension system used for the modal survey was used for this analysis.
The loudspeaker was positioned at ninety degrees to and level with one of the long radial 
members of the structure. The exact location and orientation of the loudspeaker was not 
critical as the excitation was provided by sound waves which are spherical in nature and 
furthermore, tuned to one of the structures natural frequencies which, for a linear structure, 
causes uniform vibration in a single mode shape.
The acceleration versus time response for the structure was measured on the opposite long 
radial member. The orientation of the accelerometer with respect to the member to which 
it was attached was varied to effectively capture the response of the structure in a given 
mode.
The loudspeaker was optimised to operate in the 15-30Hz range and hence the fundamental 
frequency mode of the structure, which was outside this range, was not possible to excite. 
The acceleration versus time response for continuous excitation of the first excitable mode, 
the second mode of vibration of the structure at 18.3Hz, is shown in figure 4.28(a); figure 
4.28(b) shows the same information transferred into the frequency domain showing one 
dominant peak at 18.3Hz confirming that a single mode of the structure has been excited. 
The frequency trace also shows small peaks at multiples of 18.3Hz; these peaks are due 
to the harmonics of the excitation system.
The acceleration versus time response for the same mode on removal of the excitation 
source is shown in figure 4.28(c) and it is observed that the vibration is seen to decay over 
time. Figure 4.28(d) shows the same data transferred to the time domain and it is observed 
that a single peak, at the same value as the forced response, is obtained which signifies that 
the structure continues to vibrate in its second mode as energy is dissipated and that the 
damping measured will therefore be specific to this mode. The solid lines enveloping the 
decaying waveform are obtained from the data regression analysis used to predict the 
damping factor.
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Figures 4.29 to 4.31 show the acceleration response in the time and frequency domains 
during excitation and in free free conditions for the mode numbers three to five. Mode 
numbers four and five have been successfully isolated and damping factors for these modes 
have been calculated.
It was not possible to excite mode number three using the loudspeaker. The frequency 
content of the excited waveform shows that the energy is distributed across the frequency 
spectrum and that no particular mode of vibration is dominant.
The natural frequencies and percentage modal damping for each of the modes of vibration 
of the structure, between 15Hz and 35Hz are given in table 4.22.
The damping factors calculated using this technique are consistently lower than those 
calculated from the frequency response functions for both impact and shaker excitations.
The high frequency resolution of the impact hammer tests leads to overestimates of the half 
power point bandwidth and hence the damping factor.
The attachment of the mechanical shaker to the structure was shown to affect the quality 
of the measured mode shapes. At resonance the force required for vibration is small and 
it is likely that the friction and bearing contacts inherent to the oscillating shaker system 
add additional damping to the structure.
4.11.3 Fully Fixed Support Conditions
The unit building block is fixed to the floor in the same manner as for the modal surveys. 
The loudspeaker was located in the same position with respect to the model as for the 
damping analyses with free-free support conditions.
The acceleration positions and orientations were similarly varied to detect all the modes of 
the structure within the operating range of the loudspeaker.
113
The acceleration versus time response for mode numbers five, seven and eight are shown 
in figures 4.32 to 4.34. It was not possible to excite mode number six. The remaining 
modes have been well isolated and their respective modal damping factors calculated.
The natural frequencies and modal damping factors are given in table 4.23. The damping 
levels for the fixed structure compare well with those measured from the frequency 
response functions obtained using the shaker for mode numbers seven and eight but are 
approximately 50% lower for mode number five.
The forced and decaying acceleration versus time responses, for mode number six, with 
their respective frequency contents, are shown in figure 4.35. The frequency content of 
the forced response shows one dominant peak at 22.6Hz with noticeable, but nevertheless 
small, peaks at 18.5Hz and 23.9Hz. The frequency content of the waveform in free 
decaying vibration, however, shows significant contributions to the response at 18.3Hz and 
23.9Hz. This implies that mode number six may not be a stable mode of vibration and that 
once the forcing function is removed and energy begins to dissipate the mode of vibration 
changes to a combination of modes five, six and seven and hence a modal damping factor 
for mode number six cannot be predicted.
4.12 The 5.0m Composite Antenna
The dynamic response of the composite unit building block has been shown to be sensitive 
to the physical properties of the energy loaded joints. The composite unit was shown to 
behave nonlinearly subsequent to which a linear model was produced by removing the 
mechanical joints and bonding the carbon fibre tubes to the node points.
The complete 5.0m antenna was also considered with a full complement of energy loaded 
joints although it was believed that the nonlinearity of the joints would dominate the 
response of the structure and different techniques were used in an effort to linearise this 
response.
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The 5.0m antenna is considered in free-free conditions only as the response of the fixed 
structure will depend on the type of fixed support provided for the flight model and 
furthermore the additional degrees of freedom of the unconstrained model can be eliminated 
from the experimental modal model to predict the fixed response of the structure.
The suspension system used for the experimental analysis of the 5.0m antenna is shown in 
figure 4.36. The manufactured antenna suspended in the laboratory is shown in figure 4.37. 
Constraints imposed by the available working space in the laboratory restricted the 
suspension lengths to just under 2.0m. The antenna was supported at each of its inner ring 
nodes and additionally at its centre node.
Measurements were taken at each of the antenna node points and also near the midpoints 
of each of its members.
Linearity checks on the unaltered model showed that the response of the structure was 
nonlinear. Figure 4.38 shows the response at the excitation point on member 2-13 for 
consecutive measurements. The readings appeared to be repeatable but were extremely 
noisy and did not exhibit clearly defined peaks. Figure 4.39 shows the frequency response 
functions obtained for excitation along member 3-4 and a response on member 3-14; its 
reciprocal is shown in figure 4.40. The traces show clearly that the structure did not 
exhibit reciprocity and was hence not linear as the energy imparted to the structure at the 
excitation point was not transferred through the structure and hence no discernible peaks 
were evident in the second trace.
The first effort in linearising was to introduce a prestress into the model, thereby 
introducing a bias into the joints which would close the small gaps between the joint fittings 
and the sliding collars.
The antenna was prestressed using two mild steel cables connecting the perimeter and inner 
ring nodes respectively as shown in figure 4.36. Turnbuckles and spring balances were 
attached in series with each cable to tension and measure the forces. Forces of 500N and 
300N were applied to the perimeter and inner ring cables respectively.
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Linearity checks undertaken for the prestressed model showed that the response of the 
structure remained non-linear. Figure 4.41 shows the response on member 2-13 for 
excitation on member 13-14 and its reciprocal.
The introduction of a prestress into the model was not sufficient to linearise its dynamic 
response and hence a new joint design proposed by York, 1992 was considered. This new 
joint design includes a reverse taper on the tube fitting and the sliding collar thereby 
eliminating any clearance between the fitting and the sliding collar once the joint is 
deployed. Experimental analyses undertaken by York, 1992 showed that the response of 
a single member could be linearised by incorporating this type of joint.
It did not prove possible to re-manufacture each of the seventy two energy loaded joints 
for this model so an alternative method of locking the joints using two cylinder halves 
screwed together over the joint fittings in place of the sliding collars were used. The 
removal of the small clearance between the sliding sleeves and the joint fittings linearised 
the response of the structure.
Two modal surveys for the antenna were performed with respective excitation directions 
at point *1’, (figure 4.36), in the negative ’x’ and positive ’y* directions on member 2-13. 
Figures 4.42 & 4.43 show the respective frequency response functions at the excitation 
points for the two analyses. The measurements were seen to be repeatable and exhibit 
reciprocity for this structural configuration.
The measured frequencies and modal damping factors for the respective tests are given in 
tables 4.24 & 4.25.
Orthogonality checks were undertaken for both sets of experimental mass normalised mode 
shapes and also between the two sets to eliminate duplicated modes from the final set of 
experimental modes.
The orthogonality matrix for the first modal analysis, measured using excitation in the 
negative ’x’ direction, is given in table 4.26 and it is observed that all off diagonal
116
elements, bar four, are less than 0.1; the remaining four are less than 0.2 and it is 
concluded that an orthogonal set of mode shapes has been achieved.
The matrix for the second analysis is shown in table 4.27. This set of mode shapes shows 
cross coupling between mode number one and two and also shows that mode numbers six 
and seven, with respective frequencies of 18.12Hz and 25.16Hz, are almost identical. 
These large off diagonal elements cast doubt over the validity of the measurement of mode 
numbers one, two six and seven.
The presence of low orthogonality terms throughout these matrices means the vast majority 
of the experimentally derived modes are orthogonal to each other and it is hence unlikely 
that in this instance the attachment of the shaker to the structure has effected its response.
The damping levels are less than 0.5% for all modes except numbers one and two where 
the estimates vary between 1.158% and 0.829% for mode number one and 1.271% and 
0.929% for mode number two. These values are not unreasonable for a structure with 
such a large number of joints and furthermore, the levels of damping measured in both 
tests are consistent with each other. A frequency resolution of 40.0mHz, based on the unit 
building block results, was used for the frequency response functions.
Table 4.28 shows the orthogonality checks performed between the two sets of mode shapes 
measured in the separate experimental analyses. The figures in bold text in the columns 
show the final mode shapes used for comparison with the finite element predictions in 
chapter six.
This table shows that a total of thirteen different mode shapes have been obtained. The 
table also shows that the comparison between the first modes measured in the two tests is 
quite poor, the matrix yields a coefficient of 0.34. Visual examination of the animated 
mode shapes shows that the first mode of vibration is not so well defined by excitation in 
the V  direction and explains the degree of cross coupling between the first and second 
modes measured using excitation in the positive ’y’ direction.
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The frequency response functions shown in figures 4.42 & 4.43 show that the model has 
a high modal density in the sixteen to twenty hertz region. Six modes in this region have 
been extracted using the curvefitting routines.
The first discernible peak, at approximately 1.25Hz, is attributed to the suspension system 
of the test set-up suggesting that if possible longer suspension systems should have been 
used. This peak however is well isolated from the structural modes and hence does not 
effect the dynamic response of the system.
Three dimensional and plan views for each mode shape are compared to the numerical 
predictions in Chapter 6, (cf. figure 6.13).
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Static
Tests
Specimen
The Pullwound Tubes
E(ll)
(6N per m. sq.) v(12) Buckling Load 
(kN)
Tension Compression Tension Compression
1 119.8 118.4 0.183 0.181 17.5
2 129.2 127.3 0.186 0.18 >20.0
3 120.3 119.65 0.177 0.186 15.0
4 118.6 117.6 0.17 0.186 14.5
5 — 127.93 0.175 >20.0
Table 4.1 : Longitudinal moduli of elasticity, E(ll) and Poisson's ratios,
v(12) for the pullwound tubes.
Static
Tests
The Pullwound Tubes
Specimen G(12) (GN per m.sq.)
1 13.3
2 15.3
3 14.3
4 15.2
5 15.9
Table 4.2 : Shear modulus for the pullwound tubes.
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Static
Tests
Specimen
The Filament Wound Tubes
E (11)
(GN per m. sq.) v(12)
Tension Compression Tension Compression
1 141.1 140.3 0.19 0.22
2 139.0 138.3 0.21 0.3
3 133.9 133.3 0.24 0.15
Table 4.3 : Longitudinal moduli of elasticity, E(ll) and Poisson's ratios
v(12) for the filament wound tubes.
Static The Filament
Tests Wound Tubes
Specimen G(12) (GN per m.sq.)
1 35.5
2 37.2
Table 4.4 : Shear modulus, 6^, for the filament wound tubes.
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Mode
No.
Frequency
(Hz.)
Damping 
(% critical)
1 16.05 2.83
2 17.09 3.27
3 31.21 3.22
Table 4.5 : Natural frequencies and damping factors for the perspex model
antenna with free free supports.
Mode 1 2 3
1 1.0 0.394 0.04
2 0.394 1.0 0.1
3 0.04 0.1 1.0
Table 4.6 : Orthogonality of measured modes for the perspex model antenna in
free free conditions.
Mode
No.
Frequency
(Hz.)
Damping 
(% critical)
1 3.56 4.09
2 4.79 3.92
3 6.23 3.27
Table 4.7 : Natural frequencies and damping factors for the perspex model
antenna with a fixed support.
Mode 1 2 3
1 1.0
IT)
o01 0.09
2 -0.05 1.0 0.42
3 0.09 0.42 1.0
Table 4.8 : Orthogonality of measured modes for the perspex model antenna in
fixed conditions.
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Specimen Length
(m.)
Natural Frequency (Hz.)
1 2 3
25.0mm i.d. 2.379 52.34 142.97 277.34
If 2.8 36.45 100.4 —
(1) 0.996 275.0 — —
(2) 0.996 284.5 — —
(3) 0.998 275.5 — —
(4) 0.989 279.0 — —
(5) 1.02 281.0 — —
25.0mm i.d., 
with inserts 1.56 84.37 257.42 —
50.0mm i.d. 1.752 204.7 517.19 —
50.0mm i.d., 
with inserts 1.56 209.84 578.04 —
Table 4.9 : Natural frequencies of selected lengths of carbon fibre tubes with 
and without titanium inserts. (The bracketed mumbers in the 'Specimen' column
refer to the tube numbers in table 4.1).
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FRF
Trace
Measured Frequencies 
(Hz.)
1 13.225 14.05 16.0 16.6
2 13.15 13.675 15.55 16.375
3 13.075 13.375 15.25 16.225
Table 4.10 : Variation in measured frequencies with increasing force input for 
the composite unit building block with energy loaded joints and four supports.
FRF
Trace
Measured Frequencies 
(Hz.)
1 13.3 14.35 16.075 16.975
2 13.3 14.2 16.0 16.9
3 13.225 14.05 15.55 16.6
4 13.15 13.675 15.1 16.375
Table 4.11 : Variation in measured frequencies with increasing force input for 
the composite unit building block with energy loaded joints and three
supports.
FRF
Trace
Measured Frequencies 
(Hz.)
1 17.325 19.425 25.2
2 17.325 19.05 24.975
3 17.325 18.975 24.9
Table 4.12 : Variation in measured frequencies with increasing force input for 
the composite unit building block with continuous 'articulated' members and
four supports.
FRF
Trace
Measured Frequencies 
(Hz.)
1 17.775 21.075 25.95
2 17.775 20.85 25.725
3 17.7 20.775 25.669
Table 4.13 : Variation in measured frequencies with increasing force input for 
the composite unit building block with continuous 'articulated' members and
three supports.
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Excitation Shaker
Mode
no.
Frequency
(Hz.)
Damping 
(% crit.)
1 7.58 3.175
2 18.62 1.132
3 23.59 1.134
4 24.9 0.632
5 28.52 0.622
Table 4.14 : Natural frequencies and damping factors for the linearised 
composite unit building block supported in free free conditions measured using
the shaker.
Excitation Impact Hammer
Mode
no.
Frequency
(Hz.)
Damping 
(% crit.)
1 7.42 0.848
2 18.26 1.42
3 24.02 1.061
4 24.61 1.2
5 28.61 0.671
Table 4.15 : Natural frequencies and damping factors for the linearised 
composite unit building block in free-free conditions measured using the
impact hammer.
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Mode 1 2 3 4 5
1 1.0 -0.13 0.08 i o o to 0.04
2 -0.13 1.0 -0.23 -0.25 -0.14
3 0.08 -0.23 1.0 0.49 -0.05
4 -0.02 -0.25 0.49 1.0 -0.43
5 0.04
HO1 -0.05 -0.43 1.0
Table 4.16 : Orthogonality of modes for the composite unit building block in 
free free conditions measured using the shaker.
Mode 1 2 3 4 5
1 1.0 0.05 0.14 -0.04 -0.04
2 0.05 1.0
o•01 -0.49 -0.02
3 0.14
o01 1.0 0.186 0.03
4
o01 -0.49 0.186 1.0 0.00
5
o01 i o o to 0.03 0.00 1.0
Table 4.17 : Orthogonality of modes for the composite unit building block in 
free free conditions measured using the impact hammer.
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Excitation Impact Hammer
Mode Frequency Damping
no. (Hz.) (% crit.)
1 4.199 14.3
2 4.395 9.17
3 4.688 3.2
4 5.566 3.17
5 18.46 1.34
Table 4.18 : Natural frequencies and damping factors for the first five modes 
of the composite unit building block measured using the impact hammer.
Excitation Shaker
Mode Frequency Damping
no. (Hz.) (% crit.)
5 18.29 0.216
6 22.52 0.251
7 23.97 0.142
8 27.52 0.136
Table 4.19 : Natural frequencies and damping factors for the composite unit 
building block measured using the shaker.
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Mode 1 2 3 4 5
1 1.0 -0.66
o•01 0.1
o01
2 -0.66 1.0 0.18 -0.14 0.04
3
o01 0.18 1.0 -0.15 -0.17
4 0.1 -0.14 -0.15 1.0 -0.11
5 -0.04 0.04 -0.17 -0.11 1.0
Table 4.20 : Orthogonality of modes for the composite unit building block in 
fixed conditions measured using the impact hammer.
Mode 5 6 7 8
5 1.0 0.25 0.6
cno01
6 0.25 1.0 -0.11 0.09
7 0.6 -0.11 1.0 0.05
8 -0.09 0.09 0.05 1.0
Table 4.21 : Orthogonality of modes of the composite unit building block in 
fixed conditions measured using the shaker.
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Excitation Loudspeaker
Mode Frequency Damping
no. (Hz.) (% crit.)
1
2
n
18.3 0.0848
o
4 24.6 0.0937
5 28.7 0.1323
Table 4.22 : Frequencies and damping factors for the linearise unit building 
block in free free conditions measured using an acoustic noise source.
Excitation Loudspeaker
Mode Frequency Damping
no. (Hz.) (% crit.)
5 18.5 0.09
6 22.61 —
7 23.98 0.13
8 27.7 0.12
Table 4.23 : Frequencies and damping factors for the linearise unit building 
block in fixed conditions measured using an acoustic noise source.
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Excitation Shaker '-x'
Mode
no.
Frequency
(Hz.)
Damping 
(% crit.)
1 3.87 1.158
2 4.92 0.929
3 8.13 0.413
4 15.78 0.405
5 16.17 —
6 16.21 0.246
7 16.72 —
8 17.11 —
9 25.27 0.166
10 26.25 0.163
11 28.52 0.282
12 29.02 0.12
Table 4.24 : Natural frequencies and damping factors for the 5.0m deployable 
antenna tested in free free conditions with excitation in the '-x' direction.
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Excitation Shaker '+y'
Mode Frequency Damping
no. (Hz.) (% crit.)
1 3.87 0.829
2 4.91 1.271
3 14.84 0.259
4 15.78 0.318
5 16.29 0.333
6 16.52 —
7 16.68 —
8 18.12 0.17
9 25.16 0.436
10 26.25 0.126
11 26.99 0.373
12 27.5 0.211
Table 4.25 : Natural frequencies and damping factors for the 5.0m deployable 
antenna tested in free free conditions with excitation in the '+y' direction.
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Mode 1 2 3 4 5 6 7 8 9 10 11 12
1 1.0 -0.06 -0.19 0.0 -0.03 -0.02 0.05 -0.06 0.1 0.02 -0.15 0.07
2 -0.06 1.0 -0.04 0.0 0.05 0.05 -0.06 0.1 -0.01 0.03 0.03 -0.05
3 -0.19 -0.04 1.0 0.02 0.0 0.01 0.0 0.05 -0.16 -0.08 0.13 -0.04
4 0.0 0.0 0.02 1.0 -0.1 -0.1 0.09 0.01 -0.01 -0.01 0.03 0.0
5 I o • o OJ 0.05 0.0 -0.1 1.0 1.0 0.19 0.06 0.03 0.0 -0.02 0.0
6 -0.02 0.05 0.01 -0.1 1.0 1.0 0.19 0.06 0.03 -0.0 -0.02 0.0
7 0.05 -0.06 0.0 0.09 0.19 0.19 1.0 0.01 0.07 0.0 -0.09 0.02
8 -0.06 0.1 0.05 0.01 0.06 0.06 0.01 1.0 -0.07 0.07 0.08 0.0
9 0.1 -0.01 -0.02 -0.01 0.03 0.03 0.07 -0.07 1.0 -0.05 -0.17 0.03
10 0.02 0.03 -0.08 i o o H 0.0 0.0 0.0 0.07 -0.05 1.0 -0.06 0.01
11 -0.15 0.03 0.13 0.03 -0.02 -0.02 -0.09 0.08 -0.17 -0.06 1.0 0.04
12 0.07 -0.05
O•01 0.0 0.0 0.0 0.02 0.0 0.03 0.01 0.04 1.0
Table 4.26 : Orthogonality of inodes for the 5.0m deployable antenna in free 
free conditions measured using the shaker with excitation in the '-x'
direction.
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Mode 1 2 3 4 5 6 7 8 9 10 11 12
1 1.0 0.26 0.03 0.01 -0.02 -0.06 -0.02 -0.01 -0.04 0.09 0.0 0.02
2 0.26 1.0 -0.02 0.04 0.06 0.0 0.05 0.06 0.05 -0.02 0.02 0.03
3 0.03 -0.02 1.0 0.09 0.17 -0.19 -0.07 -0.07 -0.03 0.02 0.0 0.0
4 0.01 0.04 0.09 1.0 0.05 0.16 0.12 0.01 0.0 0.0 -0.02 0.02
5 -0.02 0.06 0.17 0.05 1.0 0.04 0.21 0.06 0.09 -0.02 0.0 0.03
6 -0.06 0.0 -0.19 0.16 0.04 1.0 0.72 0.09 0.06 -0.01 0.0 -0.01
7 -0.02 -0.05 -0.07 0.12 0.21 0.72 1.0 0.03 0.0 -0.03 0.01 0.01
8 -0.01 0.06 -0.07 0.01 0.06 0.09 0.03 1.0 0.93 -0.1 -0.07 -0.08
9 -0.04 0.05 -0.03 0.0 0.09 0.06 0.0 0.93 1.0 -0.05 -0.05 -0.08
10 0.09 -0.02 0.02 0.0 -0.02 -0.01 -0.03 -0.1 -0.05 1.0 0.0 0.06
11 0.0 0.02 0.0 -0.02 0.0 0.0 0.01 -0.07 -0.05 0.0 1.0 0.02
12 0.02 0.03 0.0 0.02 0.03 -0.01 0.01 -0.08 -0.08 0.06 0.02 1.0
Table 4.27 : Orthogonality of modes for the 5.0m deployable antenna in free 
free conditions measured using the shaker with excitation in the '+y'
direction.
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Dt
Carbon Fibre Tube
7 f
Da
thickness Tt, coated with epoxy adhesive
Aluminium Tube 
thickness, Ta
Crimping Process
Crimping Block
I
Aluminium Tube
Dt + 2Ta
Carbon Fibre Tube
t
Figure 4.1 : Crimp Bonding of End Components to Tube Specimens 
for Tension Tests
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Compression Test for Pullwound Tubes 
Load vs. Microstrain 
(Longitudinal Gauges)
600
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300 400 500100 200
Microstrain
gauge no.1 gauge no.2 gauge no.3 average
Fig. 4.2 : Load-Strain Relationship for Pullwound Tubes in Com pression
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Buckling Tests for Pullwound Tubes 
Load (kg) vs. Microstrain 
(Longitudinal gauges)
1,600 
1,400 
1,200 
1,000 
800 
600 
400 
200 
0
(200)
(1,000) (500) 0 500 1,000 1,500 2,000
Microstrain
gauge no.1 gauge no.2 gauge no.3
Fig. 4.3 : Buckling Behaviour of the Pullwound Tubes
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Test fitting Pullwound Tube
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Fig. 4.4 : End Fittings for Torsion Test on Pullwound Tubes
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’Milled’ Flat
Cylindrical Fitting
1/2" Silver Steel Pin
Filament Wound Tubes
Fig. 4.5 : End Fittings for Tensile Testing of FW Tubes
Upstands to 
dial gaugesClamped
Rollar support
dial gauge
Section A-A pulley
system
FW tube
Weights
Rollar suppor
FWtube
x- tK tT
I I
Fig. 4.6 : Set up for Torsion testing of FW tubes
Digital
Signal Analyser
CH1 CH2
Amp.
Accelerometer
Power
Amplifier
Vibrator
Force Transducer
Amp.
Fig. 4.7 : Experimental Set-up for Modal Analysis.
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1.144m
’disc nodes’
0.073m
0.038m
0.99m
10.0mm external diameter tubes, 1 .Omm thick walls 
12.0mm external diameter tubes, 2 .0mm thick walls
Fig. 4.8 : Perspex Model of Composite Antenna
’disk’ node
:ockets for members
’cruciform’ node
brass pins
Fig. 4.9 : Plan View of ’Disk’ and ’Cruciform’ Nodes
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Fig. 4.10(a) : Supports for Modal Analysis in ’Free-Free’ Conditions
Fig. 4 .1 0 (b ): Perspex Model of Prototype Under Test in Laboratory 141
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Fig. 4.11 : Point Acceierance for the Perspex Model in Free Free 
Conditions (Measured using the impact Hammer)
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0.0E+00
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Frequency (Hz)
Fig. 4.12 : Point Acceierance for the Perspex Model in Free Free 
Conditions (Measured using the  Mechanical Shaker attached to  
a long Radial Member)
4.7E-01
©"D3
Q.
E<
0.0E+00
4.3E+01 5.7E+01
Frequency (Hz)
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Member for Excitation Using the  Mechanical Shaker
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Fig. 4 .1 7 : Effect of Increasing Excitation Energy on the  Frequency 
R esponse of the Fully Jointed CUBB with Three Supports
144
increasing 
increasing
Excitation Energy
Q.
E<
- 4
10 ____
1.5E+01 3.0E+01
Frequency (Hz)
Fig. 4.18 : Effect of Increasing Excitation Energy on the  Frequency 
R esponse of the  CUBB with Four Supports and 
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Fig. 4.19 : Effect of increasing Excitation Energy on the  Frequency 
R esponse of the CUBB with Three Supports and 
Continuous ’Articulated’ Members
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Fig. 4.23 : Point A ccereiance for Excitation using the 
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Fig. 4.24 : Point A ccereiance for Excitation using the 
Mechanical Shaker
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Fig. 4.26: Experimental Set-up for Measurement of Damping 
Using an Acoustic Noise Source
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Fig. 4.27: Dimensions of Acoustic Noise Source
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Fig. 4.28(d): Frequency Content for Decaying Waveform
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Fig. 4.32 : Decaying Waveform for Mode no.5, F=18.36 Hz.
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Fig. 4.33 : Decaying Waveform for Mode no.7, F=23.98 Hz.
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Fig. 4.34: Decaying Waveform for Mode no.8, F=27.7 Hz
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Member 13-14 / R esponse on Member 2-13 and its Reciprocal
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Fig. 4.42 : Point A cceierance for Excitation on Member 2-13 
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Chapter 5 : Numerical Analyses
5.1 Introduction
The developments of computer technology and the increasingly powerful computing 
facilities in everyday use, in conjunction with the evolution of the finite element method 
has provided powerful analysis capabilities for a wide range of engineering problems.
The finite element method is based on the concept of replacing a continuum by a discrete 
number of elements interconnected at node points. The load displacement relationship of 
these elements, and their respective material properties, governs the response of the 
idealised continuum. Although the element formulations are only approximate estimates, 
obtained using energy methods, and the elements themselves are interconnected at their 
respective node points only, the accuracy of the stress and displacement predictions can be 
optimised by idealising the continuum with appropriate element mesh densities.
The versatility of the finite element concept and the wide range of different element types, 
suitable for analysing a diverse range of engineering problems, allied to the development 
of numerous dedicated software packages, has made the displacement finite element method 
the most popular, and widely used, stress analysis technique, (Zienkiewicz and Taylor,
1988).
This chapter, divided into three sections, discusses the finite element dynamic analyses, 
used to predict the response of a continuum to time varying forces and/or excitations, 
undertaken during the investigation.
Part A discusses the finite element method and the solution procedures implemented for 
dynamic analyses.
Part B discusses the numerical analyses pertinent to the structures and carbon fibre tubes 
examined experimentally in chapter four. The development of the modelling techniques 
employed are explained and the results of the numerical analyses for each structure are 
presented.
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Part C discusses the deployment of the antenna concept. The effect of the joint latch-up 
on antennas, for linear and non-linear joints, including and excluding the outer ring 
members, (discussed in chapter three) was studied. The stresses induced in the structure 
during the post-latch phase were calculated for the manufactured model and compared with 
the ultimate stresses of the respective materials.
The theoretical analyses were undertaken using the ABAQUS finite element software 
package, version 4.8.
PART A: The Finite Element Method
5.2 The Development and Analysis of a Numerical Model
The idealisation and analysis of a continuum problem, using the finite element method, 
involves four overlapping areas :-
(a) the idealisation of the problem into a form that can be analysed,
(b) the formulation of the governing equations of equilibrium for the
idealised system,
(c) the solution of the equilibrium equations using optimised numerical
techniques,
(d) the interpretation of the results.
The accuracy of the predicted results is primarily dependent on the validity of the 
idealisation process and the subsequent modelling of the idealised model, whereas the 
efficiency of the numerical analysis is dependant on the solution procedure chosen by the 
analyst.
The finite element formulations, the relevant equations of equilibrium and the solution 
techniques used during the investigations are discussed below.
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Beam, shell, gap, spring and mass elements were variously used to idealise the antenna 
structure which was analysed using eigenvalue extraction, mode superposition and direct 
time integration techniques.
5.3 The Finite Elements
5.3.1 The Beam Element (ABAQUS-B31)
The basic formulation of the ABAQUS beam element is the simplified Cosserat beam 
theory of Dupuis, 1969. The beam element formulation includes transverse shear 
deflection capabilities and rotary inertia terms in its mass matrix.
The ABAQUS linear two noded beam element with a lumped mass matrix, B31, is 
preferred to the quadratic element, B32, because it has been shown to provide more 
accurate eigenvalues for a given mesh density, (ABAQUS, 1991). Furthermore, the 
important modes of vibration are the lower modes of the candidate structures; these modes 
exhibit global displacement patterns and hence the use of higher order beam elements 
would increase the size of the numerical model while not contributing significantly to the 
modal behaviour.
5.3.2 The Shell Elements (ABAQUS-S8R)
Laminated shell elements were used to model the orthotropic material properties of the 
carbon fibre tubes. The ABAQUS eight noded, reduced integration, doubly curved, shear 
flexible, shell element, S8R, was used. The shear flexible shell element can be used for 
"thick" and "thin" shell analysis. Shell elements are defined as "thin" shell elements when 
the ratio of the smallest dimension to the next largest dimension exceeds 1:15, (O’Neill,
1989). When the shell element is thin the transverse shear stiffness acts as a penalty 
function to impose the constraint, of classical "thin" shell theory, that a material line 
originally normal to the shell reference surface remains normal after deformation, (Flugge, 
1972).
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5.3.3 The Gap Element (ABAQUS-GAPCYL)
Gap elements located between two nodes allow the nodes to be in contact, (gap closed), or 
separated, (gap open) with respect to specific directions and separation conditions. 
ABAQUS supports three different gap definitions, namely, unidirectional gaps where the 
separation is defined by the relative distance between nodes in space, cylindrical gaps 
where the gap is closed when two nodes approach to within a specified distance in a given 
plane and spherical gaps where the gap closes when two nodes separate by a given distance 
in any direction.
The gap elements modelled the clearance between the tube fittings and the sliding collars 
in the energy loaded joints and hence the cylindrical gap elements were used.
The formulation of the gap element, in ABAQUS, is based on the principle of conservation 
of momentum and contact is modelled by a sudden change in velocity rather than stiffness; 
once two elements are touching the contact is modelled by adjusting their respective 
velocities while conserving the total momentum of the problem and during the contact 
period the joint benefits from the additional bending stiffness of the joint collar.
5.3.4 The Spring Elements (ABAQUS-SPRING2)
ABAQUS supports three spring definitions respectively between a node and ground in a 
fixed direction, between two nodes in a fixed direction and along a line joining two nodes. 
The second spring type has been used to model the energy and direction of application of 
the moment in the mechanical loaded joints. The springs are characterised by their 
stiffness and degrees of freedom in which they act.
5.3.5 The Mass Elements (ABAQUS-MASS)
Point masses have been variously used in the finite element models of the antenna to 
account for the additional masses in the manufactured model due to the joint springs and
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holding bolts for the titanium inserts which would otherwise not be included in the models. 
The MASS element provides additional mass in all three displacement directions on the 
main diagonal of the mass matrix.
5.4 The Equations of Equilibrium
The formulations of the respective elements are combined to construct the global stiffness, 
mass and damping matrices of the idealised structure to be included in the governing 
equation of equilibrium for dynamic analyses, (Brebbia et al., 1985):-
+  +  =  1/^)3 A1x1 (^-l)
where:-
N = total number of degrees of freedom,
[M], [K] and [C] are the global mass, stiffness and damping matrices, 
[f(t)] = the applied loading conditions as a function of time, and 
[x(t)J = the time varying displacement at each degree of freedom for which 
a solution is sought.
Finite element software packages use different numerical techniques and analysis 
procedures, discussed in the following section, to solve this set of equations for the 
displacements x(t) from which member forces and stresses can be calculated for each 
element.
5.5 Numerical Techniques for the Solution of the Equilibrium Equation
Mathematically equations (5.1) represents a system of linear second order differential 
equations which can be solved using standard solution procedures for differential equations. 
However, in terms of implementing a computer algorithm this process is not particularly
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versatile in so far as the solution techniques become quickly complicated for many degrees 
of freedom.
ABAQUS implements two numerical techniques for the solution of equation (5.1); mode 
superposition and direct time integration.
Linear dynamic analyses using mode superposition, when allied to efficient 
eigenvalue/eigenvector extraction techniques such as subspace iteration, is computationally 
inexpensive as the cost of obtaining a sufficient basis of eigensolutions is not excessive and 
the subsequent computational effort involved in predicting the dynamic response is 
minimal.
The main drawback of the mode superposition techniques implemented in the ABAQUS 
software package is that only real eigenmodes are available as the damping matrix is not 
included in the eigenvalue extraction technique.
Direct time integration can be used for both linear and non-linear dynamic analyses and the 
effects of the physical damping matrix, when known, can be included.
5.5.1 Eigenvalue Extraction - Subspace Iteration
The equation of motion for an undamped multi degree of freedom system in free vibration 
is given by:-
M W OW *]W O}=0 (5-2)
giving,
([£] -w\M\)xeiw,= 0 <5-3)
for an assumed solution of {x(t)}={x}eiwt. The natural frequencies squared are the zeroes
of the characteristic polynomial of the matrix ([K]-w2[M]) and can be calculated by setting
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the determinant of this matrix equal to zero. The modes of vibration are then calculated 
by substituting the values of w2 back into equation (5.3).
This approach is not efficient for multi degree of freedom polynomials and therefore it is 
more efficient to convert the problem to the classical eigenvalue problem, (Brebbia et al., 
1985):-
where w2 are the eigenvalues.
There are a number of different numerical techniques for solving the eigenvalue problem, 
(Brebbia et al., 1985 and Bathe and Wilson, 1976).
ABAQUS implements the subspace iteration technique, with Householder reduction and 
QR-rotation to extract the lowest required eigenvalues and eigenvectors.
The total number of eigenvalues and eigenvectors, ’eigenpairs’, is equal to the number of 
degrees of freedom of the model. In practice however, the analyst is generally not 
interested in determining all sets of eigenpairs but only the more important lower 
eigenpairs.
The basic objective of the subspace iteration technique is to solve for the lowest ’p’ 
required eigenvalues which satisfy
where V  is a diagonal pxp matrix of eigenvalues and 0 is a matrix of ’p’ eigenvectors.
Starting with a set of base vectors, [V\h for a p-dimensional subspace, a new set of vectors 
is defined such that,
(5.4)
(5-5)
r a m . ,  =  mm, (5.6)
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yielding [Y’h+i- The stiffness and mass matrices are now projected into the subspace by
(5.7)
[M*\pxp= [ V \ J j M \ NJ V % lNv (5.8)
The projected stiffness and mass matrices, [K*] and [M*], have dimension pxp and the 
eigenproblem,
can be solved in the subspace.
ABAQUS then converts equation (5.9), by Choleski decomposition, (Bathe and Wilson, 
1976), to the standard eigenvalue problem, in the subspace
K* is transformed to a tridiagonal matrix by Householder reduction and the eigenvalues and 
eigenvectors of the transformed system are determined using QR-iteration, (Bathe and 
Wilson, 1976)
The eigenvectors of the transformed system are then transferred back to the full space 
giving an improved approximation for the required eigenvectors,
([K*]-w2[M *])<£ = 0 (5.9)
(5.10)
M w  =  W l . M i  <t> =  4>p\ (5.11)
and iteration is continued until the eigenvectors converge to sufficient accuracy.
The essential idea is that the starting vectors form the least dominant p-dimensional 
subspace of the operators [K] and [M] and iteration continues until the subspace vectors 
converge to the eigenvectors of the full space to sufficient accuracy. A Sturm-sequence 
check, (Brebbia et al., 1985), is then performed to ensure that all eigenvalues have been 
extracted.
The fact that the iteration is performed on a subspace means that the total number of 
iterations required depends on how close the p-dimensional starting subspace is to a 
subspace of the N-dimensional system and not on how close the individual basis vectors 
of the starting subspace are to eigenvectors of the complete system. This makes the 
technique very effective because it is much easier to determine a p-dimensional subspace 
which is close to a subspace of the N-dimensional space spanned by the complete set of 
eigenvectors than it is to estimate individual eigenvectors of the system.
The advantage of the subspace iteration technique is that the extraction of eigenvalues in 
the reduced space will cause rapid convergence of the eigenvalues in the full space. The 
convergence rate for each eigenvector is given by w2i/w2p+1, therefore the lower 
eigenvectors converge fastest and hence the convergence for the ’p’ required eigenvectors 
can be improved by using a higher number of starting vectors. However, an increased 
number of starting vectors demands more computational effort in the Householder reduction 
and QR rotation calculations for each iteration. A compromise is required and Bathe and 
Wilson, 1976, suggest that an effective number of starting vectors is, in general, 
q=min{2p,p+8} for the extraction of ’p’ eigenvectors and additionally that an effective set 
of starting vectors consists of q-1 unit vectors and a vector made up of the diagonal terms 
of the mass matrix.
5.5.2 Mode Superposition
The equation of motion for an undamped *N* degree of freedom system is shown in 
equation (5.2). The mode superposition technique is based on the fact that the eigenvectors 
of an ’N’ degree of freedom system constitute a set of orthogonal base vectors, with respect 
to the mass and stiffness matrices, for the N-dimensional space and hence any displaced
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shape of the structure can be expressed as a combination of these vectors, (Clough and 
Penzien, 1975),
x(t) = 4 A  + <f> 2 Y2 + -  +<I>nYn =*y  t5AV
where ’Y’ are called the ’normal coordinates’ of the system; substituting equation (5.12) 
into equation (5.1) gives,
+ [X]$r=yo) (5 -13)
which when pre-multiplied by the transpose of the n* eigenvector yields,
+ t i i m *  = <ptm  (5-14>
which, because the eigenvectors are orthogonal across the mass and stiffness matrices,
reduces to a single degree of freedom equation for each eigenvector,
t i i m X  * = <&}) (5-15)
The use of normal coordinates has transformed a set of ’N’ coupled simultaneous 
differential equations to a set of ’N’ uncoupled independent single degree of freedom 
equations which can be solved using numerical integration techniques, such as direct time 
integration, discussed below.
The dynamic response is then obtained by superimposing each of the discrete modal 
contributions before transferring the response back to the original coordinate system.
The attractive feature of the modal superposition technique is that for most types of 
loadings the contributions of the individual modes are generally greatest for the lower
171
frequencies and tend to decrease at higher frequencies and therefore only a limited number 
of eigenpairs need be extracted using the subspace iteration technique and consequently 
only a reduced number of single degree of freedom equations need to be solved.
5.5.3 Direct Time Integration
The main difference between mode superposition and direct time integration is that in the 
latter case the equations are not transformed to a different coordinate system but are solved 
directly.
The displacements, velocities and accelerations are assumed to vary over the time interval 
and solutions are sought for these dynamic variables at discrete time intervals, St.
Direct integration schemes are defined as explicit or implicit. Explicit schemes obtain 
values for the dynamic variables at time t+St based entirely on the values at time t. 
Explicit integration is only conditionally stable and imposes an upper bound on the time 
step, St, to ensure numerical stability and a convergent solution.
Implicit schemes remove the upper bound on the time step by solving for the dynamic 
variables at time t+St based not only on the values at time t but additionally on those at 
time t+St.
ABAQUS uses the Central Difference Method for explicit integration and the Hilbert- 
Hughes-Taylor operator, (Hilber, Hughes and Taylor, 1978), with automatic time stepping 
proposed by Hibbit and Karlsson, 1979, for implicit integration.
5.5.3.1 The Central Difference Method
Equation (5.1) can be regarded as a set of ordinary differential equations with constant 
coefficients and hence any convenient finite difference expressions approximating the 
acceleration and velocity in terms of displacement can be used.
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The central difference method assumes,
(5.16)
and
(5.17)
The solution at time t+St is obtained by considering the equilibrium of equation (5.1) at 
time t and inserting equations (5.16) and (5.17) and solving for ut+5t.
To ensure numerical stability the integration method requires that the time step used is less 
than a critical time step length equal to Tn/7r where Tn is the smallest time period of the 
finite element assemblage.
5.5.3.2 The Hilber-Hughes-Taylor Operator
Implicit integration schemes remove the problems of conditional stability and one such 
technique, the Hilbert-Hughes-Taylor operator, regarded as a development of the Newmark 
method, (Bathe and Wilson, 1976), where the accelerations are assumed to vary linearly 
across the time step, is implemented by ABAQUS.
ABAQUS also includes an automatic time stepping routine proposed by Hibbitt and 
Karlsson, 1979; having solved for the dynamic variables at times t and t+5t, the 
equilibrium residual is calculated for the half step point within the time step and, provided 
that the residual is below a certain specified tolerance, the length of the time step in 
ensuing calculations can be increased, thereby optimising the cost by reducing the number 
of time increments for the analysis.
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However, the change in time step length in the automatic time stepping procedure 
introduces some slight noise into the numerical solution. This high frequency noise is 
eliminated by choosing an appropriate a. parameter for the Hilbert-Hughes-Taylor operator.
At each increment a balance of the forces at the end of the time step and a weighted 
average of the static forces at the beginning and ends of each time step are solved for the 
system’s accelerations. The Newmark integration formulae for displacement and velocity,
= «, + otu, * >>t\{L -fi)a , + fiatj  (5.18)
and,
= a, + M i  -  y)«, + yn,.i) (5 -19)
are then used to solve for the velocities and displacements. The amount of numerical 
damping introduced to the solution is governed by the Hilbert-Hughes-Taylor a  parameter 
which is related to the Newmark variables such that,
, y = ' - a  , 4 < a < 0  (5.20)
4 2 3
If a=0, no numerical damping is included and the operator reduces to the trapezoidal 
integration; numerical tests undertaken by the ABAQUS software developers suggest that 
a value of a =-0.05 should be used with automatic time stepping.
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PART B : Numerical Analyses of the Structures Examined Experimentally
This section describes the eigenvalue extraction analyses of the perspex model antenna, the 
composite tube members with and without end components, the composite unit building 
block and the manufactured antenna. The numerical predictions of the natural frequencies 
and modes of vibration are compared to those obtained experimentally in Chapter 6.
The finite element models were analysed without boundary conditions and with fully fixed 
supports representative of those envisaged for a flight model of the proposed antenna 
concept.
The absence of boundary conditions in free-free analyses allows a structure to develop six 
rigid body modes, corresponding to three displacement and three rotation modes with 
respect to the reference coordinate system. This presents a problem in vibration analyses 
due to the singularity of the stiffness matrix because the vibration frequencies of the rigid 
body modes are zero.
ABAQUS uses Choleski decomposition and any singularity leads to a zero in the main 
diagonal of the decomposed matrix which prevents further decomposition.
To overcome this problem a numerical ’shift’ is introduced to the eigenvalues which 
removes the singularity of the stiffness matrix and allows complete decomposition of an 
otherwise singular matrix.
Considering the eigenvalue problem in equation (5.10) a numerical shift ’p’ can be included 
in the eigenvalues thus,
[in* = ( \ + p)w = [£ - pm = u (5-21)
The shifted matrix [K-pI] is non-singular for a negative shift ’p’ because the quantity added 
to the diagonal of the stiffness matrix is positive for a diagonal mass matrix.
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The introduction of the shift variable ’p’ does not change the eigenvectors of the system 
and the eigenvalues of the original system are calculated by subtracting the shift value from 
the eigenvalues of the modified system.
5.6 The Perspex Model
The perspex antenna was modelled using B31 elements to describe its member cross 
sections and disk nodes.
Ten elements were used for the long radial members and seven for all others.
The disk nodes were modelled as equivalent beam elements at the ends of each member. 
The depth of these equivalent beam elements were made equal to the depth of the 
appropriate disk node and the width was calculated so the sum of the masses of all 
equivalent beam elements equalled the mass of the respective disks being modelled.
The area and inertia properties were calculated for each beam section and the material was 
considered isotropic.
The density of perspex was taken as 1192 kg/m3 and the modulus of elasticity, which is 
frequency dependant, (Read, 1978), was taken as 5.4GN/m2 with a shear modulus of 
1.68GN/m2.
Numerical analyses were undertaken for the model with free-free and fully fixed support 
conditions. The eigenvalue problem was solved by subspace iteration using the number and 
constitution of starting vectors recommended by Bathe and Wilson, 1976.
5.6.1 Free-Free Support Conditions
Three analyses have been considered. The first analysis modelled the antenna with no 
additional masses. The mass of the acceleration transducer, l.Ogram, used for the
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experimental analysis of the first three modes in free-free conditions excited at node T , 
figure 4.9, was included in the second. The third analyses included the mass of the 
perspex split ring used to attach the shaker to the model and a portion of the mass of the 
load transducer, (Bruel and Kjaer, 1985), at the mid-point of the long radial member to ’k’, 
figure 4.9.
The first eight natural frequencies of the perspex antenna obtained numerically are given 
in table 5.1. Plan and three dimensional views of the first three mode shapes, with a 
l.Ogram mass at node T , to account for the accelerometer, are compared to the 
experimental results in Chapter 6, (cf figure 6.2). Plan views of modes of vibration four, 
five and six including and excluding the additional mass at the centre of the long radial 
member to ’k’, are given in figure 5.1.
The first two analyses show negligible deviation in frequencies and mode shapes, due to 
the addition of the 1.0 gram transducer to the model, over the first eight frequencies.
The effect of the additional mass, 9.06 gram in the third analysis, at the centre of the long 
radial member to ’k’, influenced the frequencies and modes of vibration of the higher 
modes of the structure.
The symmetry of mode numbers four to six, figure 5.1, was clearly destroyed by the 
additional mass and its fourth frequency reduced from 54.99Hz to 46.093Hz. The lower 
three modes of the structure are not as sensitive, to the addition of the extra mass, as the 
higher local bending modes; the respective frequencies are altered by less than 0.4% with 
no discernible differences in mode shapes.
5.6.2 Fully Fixed Conditions
The boundary conditions for the fully fixed supports were applied at the intersection point 
of the member axes and at the ends of the equivalent beam elements used to model the 
supporting node point.
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The effect of the self weight of the structure was accounted for by applying it as a static 
loadcase to the structure and performing the eigenvalue extraction on the resultant stiffness 
matrix.
A lumped mass was included to account for the mass of the load transducer and perspex 
attachment to the structure at node T , (figure 4.9).
The first eight natural frequencies are given in table 5.2 for the numerical models with and 
without the additional mass of the load transducer. The addition of the load transducer and 
perspex attachment at node T  had a negligible effect on the numerically predicted natural 
frequencies of the fixed antenna, the percentage difference between the two sets of 
frequencies is less than 0.9%, with respect to the case without the transducer. The first 
three modes of vibration, lifting, twisting and rocking modes from the support point, are 
compared to the experimental modes in Chapter 6 (cf figure 6.5).
5.7 The Composite Models
5.7.1 Numerical Modelling of the Composite Material Properties
From symmetry the material properties of the composite tubes, whose lay-ups were given 
in tables 3.5 and 3.6, can be described as orthotropic, (Tsai, 1987).
A complete orthotropic material definition requires the specification of twelve material 
constants; however, it is very difficult and not always necessary to experimentally 
determine each material constant to provide a suitable numerical model of a composite’s 
material properties for dynamic analysis.
Two different numerical material models have been considered. The material was modelled 
isotropically using the elastic constants obtained from the tests described in Chapter 4 and 
secondly an orthotropic laminate model using the elastic constants, specified by the tube 
suppliers, for each of the respective layers of the composite laminate, (cf tables 3.5 and 
3.6). It was not possible for these individual lamina to be measured in the laboratory.
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Eigenvalue extraction analyses for a 2.8m beam length with an internal diameter of 
25.0mm and a 1.2mm wall thickness calculated the natural frequencies for the two 
numerical models of the composite member which were compared to the those measured 
experimentally to assess the feasibility of using a simplified isotropic material definition in 
the numerical analyses.
Twenty eight B31 elements were used for the isotropic model with averaged elastic 
constants taken from table 4.1.
The same beam section was modelled using one hundred and sixty plane stress quadrilateral 
shell elements, S8R with laminate material properties defined by the elastic constants, 
supplied by the tube manufacturers, for each lamina. Eight elements were arranged around 
the circumference by twenty along the length of the member. The plane stress assumption 
that the stress normal to the surface of the element are zero reduces the number of elastic 
material constants required from twelve to six (Ej, E2, v12, G12, G13 and G23). G13 and G23 
are included to model transverse shear deformation of the shell which is not significant for 
the lower bending modes of a beam and were hence assumed to be equal in value to the 
respective G12 values.
The natural frequencies of the 2.8m beam derived from experimental impact tests, from 
classical isotropic theory and using the two numerical models described are given in table 
5.3.
The numerical values predicted using the laminated shell elements are within 3% of the 
frequencies measured experimentally. The comparison between the experimental results 
and those derived from classical isotropic beam theory and the finite element isotropic 
models are shown to be within 1.3% and it is concluded that the bending modes of a 
carbon fibre member can be accurately modelled using an isotropic material definition. 
The larger error in the case of the laminated model is attributed to the possibility of the 
actual stiffness values for the laminates being slightly different to those supplied by the 
manufacturer whereas, the stiffness values used for the isotropic, namely the modulus of 
elasticity in the longitudinal direction and the shear modulus, were taken from the static 
tests in Chapter 4.
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5.7.2 The Carbon Fibre Members with and without End Components
Numerical analyses pertinent to the carbon fibre members tested statically in Chapter 3 
were undertaken.
The analyses in the previous section illustrate that an isotropic material definition was 
sufficient for the description of the carbon fibre tubes. The respective measured 
longitudinal elastic and shear moduli were hence used with isotropic definitions, and a 
l.Ogram lumped mass for the accelerometer, to model the tubes. Each numerical model 
used thirty B31 elements and the predicted frequencies, shown in table 5.4 were within 1 % 
of those determined experimentally, (cf table 4.9).
The tubes with end components were also modelled using B31 elements. Similarly thirty 
B31 elements have been used to model the carbon fibre tubes with a further four elements 
at each end to model the titanium joint components.
The titanium and aluminium end components are described in Chapter 3. The titanium 
components consist of a solid end piece attached to a tubular section; the aluminium end 
components were manufactured from rod sections which were bored out to approximately 
40mm from one end.
The use of shell or solid elements has been avoided in the description of the joint 
components to prevent the numerical model of the full scale antenna becoming 
unnecessarily complicated.
The complete joint components were modelled as beam elements with a lumped mass 
included at each end to account for the solid end pieces.
The bond length between the tube and the fitting was assumed to provide complete transfer 
of forces and moments, and was modelled explicitly using two overlapping beam elements; 
the beam elements were assigned the geometrical and physical properties of the 
titanium/aluminium components and the carbon fibres tubes respectively.
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The results of frequency analyses for a 25.0mm internal diameter and a 50.0mm internal 
diameter tube with end components modelled as explained are shown in table 5.5. The 
numerical predictions of the first natural frequencies for the 25.0mm internal diameter 
tubes are within 0.5% and 1.5%, with respect to the experimental results, for both modes. 
The results for the filament wound tubes are equally good, (<2% difference with respect 
to the experimental results).
The numerical modelling techniques used for the carbon fibre tubes with and without end 
pieces yielded results within 2 % of those obtained experimentally in the previous chapter. 
These modelling techniques are thus deemed appropriate for the numerical analyses 
pertinent to the experimentally tested composite structures.
5.7.3 The Composite Unit Building Block
The nonlinear composite unit building blocks, discussed in the experimental section, were 
not considered in this section.
The linearised composite unit building block was analysed with free-free and fully fixed 
support conditions.
The node assemblies for the unit building block and their respective titanium inserts are 
described and illustrated in Chapter 3 and were modelled using beam elements; their 
appropriate geometric parameters were calculated from their respective cross sections.
The carbon fibre tubes were modelled isotropically using the material constants derived 
from the static tests and the numerical modelling techniques described above in 5.7.1 and
5.7.2
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5.7.3.1 Free-Free Support Conditions
The finite element results for three different mesh densities are given in table 5.6. The 
variation in predicted natural frequencies is less then 1.5% for all three meshes with a 
maximum variation of less than 0.5% between the second and third meshes.
The second mesh density was chosen and the effect of the state of prestress produced by 
the suspension system on the natural frequencies of the unit examined.
It did not prove possible to model the suspension system explicitly because of the 
complicated nature of the supports. On application of the gravity load the system will not 
be in equilibrium unless the exact state of prestress is included in the finite element 
descriptions for the nylon cords and the soft springs.
The suspension system was therefore modelled by applying a gravity load to the structure 
and reacting it with three concentrated loads at the suspension support points prior to 
undertaking the frequency analysis on the prestressed structure.
The magnitudes of these concentrated loads were calculated in an iterative manner. 
Boundary conditions were applied using soft springs at the each of the support points in the 
direction of the reacting loads; a further single spring boundary restraint at ninety degrees 
to one of the suspension supports was used. The forces in these springs was monitored for 
various reaction load distributions. The magnitude of the reaction loads were varied, 
subject to the constraints that the sum of their values was equal to the mass of the unit and 
that their moment about the centre of mass was zero, until the stresses in the boundary 
springs were negligible with respect to the mass of the unit building block.
The finite element model is shown schematically in figure 5.2. The stiffness of the soft 
springs was l.ON/m and the sum of the forces in each of these springs for the final load 
distribution was 4.2E-3N compared to a total structural weight of 42.3N.
The reaction springs are necessary to ensure convergence of the numerical solution and are 
seen to take only one ten thousandth of the weight of the unit.
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The results of this analysis are included in the fourth column of table 5.6 and it is seen that 
the variation in frequencies of vibration between these results and those calculated using 
the second mesh density in free-free conditions is less than 0 .2 % for the first eight modes 
and it is concluded that the effect of this suspension system on the structure is negligible 
and furthermore that gravity loading of the free-free structure with sufficient support 
conditions is not significant.
Plan and three dimensional views of the first five modes of vibration for the free-free 
analysis are compared to those obtained experimentally in Chapter 6 , (cf figure 6.8). The 
first mode is a global mode with the two unit halves "flapping", in phase, from its line of 
symmetry. The remaining modes are predominantly bending modes of the long radial 
members.
5.7.3.2 Fully Fixed Support Conditions
The second mesh density considered for the free-free analysis is used for the fully fixed 
case. Displacement and rotation restraints were applied at ’G \ figure 5.2.
The stressed state of the structure due to its own selfweight was calculated in an initial 
loadcase and the natural frequencies of the structure in its stressed state are calculated.
The results of finite element analyses for the stressed and unstressed structures are given 
in table 5.7. The effect of gravity loading on the natural frequencies is small for this 
structure in fully fixed conditions, the difference in frequencies is expressed as a percentage 
with respect to the unstressed case in the table and was seen to be less than 0.5 % for all 
modes; the first eight experimental and numerical mode shapes are compared in Chapter 
6 , (cf figure 6.11). The lower four modes are global vibration modes of the structure. 
The frequencies for mode numbers four to eight are similar to the frequencies of the 
structure in free-free conditions; this is due to the similarity of the respective mode shapes.
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5.7.4 The 5.0m Composite Antenna
The experimental analyses undertaken in Chapter 4 showed that the dynamic response of 
the manufactured antenna was non-linear due to the presence of the small clearance 
between the tube components and the sliding collars in the energy loaded joints. The 
model was linearised by clamping split cylinder halves to the structure at each joint 
location.
The experimentally tested 5.0m antenna was a carbon fibre/polymer composite deployable 
skeletal structure with articulated members securely clamped at the titanium energy loaded 
joints, using steel split cylinders, and joined together at node assemblies.
The constituents of the ’test model’ were thus, the aluminium node assemblies, the titanium 
inserts to the node assemblies, the titanium energy loaded joints, the split steel cylinder 
halves and the composite tubes.
The modelling techniques developed in section 5.8 for the carbon fibre tubes with their 
respective end components were used for the individual structural members. Isotropic 
material definitions were used for the carbon fibre tubes and the titanium end components 
and the bond lengths were modelled explicitly.
The aluminium node assemblies were modelled using rings of beam elements whose 
respective geometric properties were calculated from the cross sections of the manufactured 
pieces in the same manner as those for the composite unit building block.
The solid titanium inserts to the aluminium nodes were modelled as discrete beam elements 
and it was assumed that the connections between these inserts and the node assemblies, 
described in Chapter 3, were fully fixed.
The structure is hinged at each member end and additionally at the centres of the folding 
members, (cf figures 3.2 and 3.3); the modelling techniques, including the split steel 
cylinder halves, used at these locations is illustrated in figure 5.3. A pin joint was included 
at the hinge locations; the clamped split steel cylinders were assumed to be fitted
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sufficiently securely to prevent any relative displacement, between them and the 
components to which they are clamped, and hence were modelled using additional beam 
elements running over the pin joints as illustrated in the figure.
Additional lumped masses are spread throughout the numerical model to account for the 
holding screws for the titanium node inserts and the joint pins.
Eigenvalue extraction analyses for the ’test model’ were undertaken using free-free 
conditions and with a fully fixed support at the inner ring node supporting the 50.0mm 
internal diameter tubes.
5.7.4.1 Free-Free Support Conditions
The ’test model’ was considered in free-free conditions with no boundary conditions and 
additionally supported on soft springs, located at the suspension points for the experimental 
analyses to assess the effect of the state of prestress induced by the experimental suspension 
system on the response of the structure.
The suspension system was modelled in the same manner as for the composite unit building 
block. Soft springs and reaction loads are included in the numerical model at the 
suspension points and by an iterative process the load distribution is determined so that 
displacement, only in the direction parallel to the supports, occurs under the selfweight 
loadcase, with negligible reactions in the support springs.
The first twenty frequencies for both conditions calculated by eigenvalue extraction are 
shown in table 5.8 and it is evident from the results that the effect of the suspension system 
on the prediction of the free-free response of the structure is minimal, < 1 % with respect 
to the unstressed case, for all modes.
It is further evident, on examination of the mode shapes, (cf figure 6.13), that the response 
of the structure is characterised by groups of modes corresponding to global vibration 
patterns, (mode numbers 1-3), combined vibration of several of the long folding radial
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members, (mode numbers 4-15) and a combined vibration of the smaller folding members 
with some global deformation, (mode numbers 16-21).
5.7.4.2 Fully Fixed Conditions
Fully fixed boundary conditions are imposed on the numerical model of the composite 
antenna at the inner ring node assembly which supports the 50.0mm internal diameter 
tubes.
Two analyses are considered corresponding to the antenna being fixed to a large spacecraft 
in orbit, i.e. in a zero gravity environment, and secondly, to the antenna being fully fixed 
in the earth’s gravitational field.
The first ten frequencies for each case are given in table 5.9. The self weight of the 
structure was observed to cause less than a 2% difference in frequencies except mode 
number four which had a difference of 5%; the mode shapes were visually unaltered.
Three dimensional and plan views of the first three modes of the antenna, assumed to be 
attached to a large spacecraft in orbit, are shown in figure 5.4. The modes of the structure 
again occur in groups. The lower five frequencies were seen to correspond to global 
vibration of the antenna from its fixed position. The natural frequencies for the higher 
modes are very similar to those obtained in the free-free analyses, and as in the case of the 
unit building block, is explained by the similarity of the mode shapes.
5.7.5 The Flight Antenna
The numerical models of the manufactured antenna are shown to compare well with the 
experimental results in Chapter 6 and the same modelling techniques were employed to 
predict the natural frequencies of a flight model manufactured entirely from composite 
materials.
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The aluminium and titanium in the numerical model of the manufactured antenna were 
replaced by material properties similar to those of the smaller composite members. The 
first three frequencies of the flight model were calculated to be 3.94Hz, 4.14Hz and 4.5Hz, 
with associated mode shapes similar to those in figure 5.4, and hence sufficiently above the 
1.5Hz threshold specified for a flight antenna, (Russell, 1991).
PART C: Numerical Analysis of the Deployment Process and the Effect of Joint 
Nonlinearities on the ’Post-Latch’ Response for the Deployable Antenna
This section describes the analysis of the deployment process and the response of the 
structure to the shock incurred as the joints lock into their closed positions.
The different modelling techniques necessary for the deployment and the post latch analysis 
of the structure required that this analysis was divided into two sections.
The first section considered the deployment characteristics of the proposed antenna concept. 
These analyses were used to:-
(i) model the transfer of potential energy, stored in the mechanical
joints, to kinetic energy of the deploying structure and thereby
predict the time for deployment, and quantify the magnitude of the 
shock load induced in the structure when the mechanical joints 
assume their deployed configurations, and,
(ii) verify the deployable concept.
The second section considered the effect of the shock induced in the structure when the 
energy loaded joints lock into their deployed configurations and examined:-
(i) the stresses in the manufactured antenna constituents due to
deployment, and,
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(ii) the effect of joint non-linearities on the post-latch frequencies and 
displacements.
£
5.8 The Deployment Analysis
The proposed deployable concept has been illustrated in practice by manufacturing and 
deploying a perspex scale model of the antenna, described and illustrated, figure 3.4, in 
Chapter 3.
Initially it was envisaged that the deployment process should take place in one stage only, 
but the analyses undertaken in this section showed that at least three alternate inner ring 
members must be rotated through ninety degrees, from their stowed configuration positions, 
prior to deployment of the complete antenna.
The flight model once released will unfurl into its operating configuration, driven by the 
energy loaded joints, in a similar fashion to that of the perspex scaled model.
As the joint collars slide over the link pins thus locking the joints, the structure will be 
subjected to a deployment shock. It is imperative that this deployment shock does not 
overstress the antenna.
The object of this analysis is therefore to verify the deployment process and secondly to 
quantify this deployment shock.
5.8.1 Numerical Modelling of the ’Pre-Latch’ Phase
A numerical model of the antenna in its stowed configuration was developed. The 
structural elements and node assemblies were modelled using the finite stiffness continuous 
beam elements, as described above, for the experimentally tested structures.
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Two energy loaded joint designs, with and without a link plate, were employed, at the 
member ends and at the centres of the articulated members respectively, in the manufacture 
of the deployable antenna, (cf figures 3.5 and 3.6).
An examination of the kinematics of a single energy loaded joint without a link plate, 
figure 5.5, shows that the action of the compression spring via the sliding sleeve causes the 
’receiving fitting’ to rotate into a position which is axially aligned with the ’joint fitting’. 
Once the two components are aligned the sliding sleeve travels over the joint pin and locks 
the joint.
The central energy loaded joints operate in a similar fashion. The action of the 
compression spring via the sliding sleeve on the link plate causes the link plate to rotate 
into a position which is axially aligned with the composite member; however, before 
complete alignment, the sliding sleeve will cause the joining composite member to rotate 
and this process will continue until the sleeve encloses the link plate and the joining 
composite member. The alignment of the two composite members is then complete and 
the sliding sleeve locks the joint.
Because of the complexity of the folding joint in conjunction with other members in the 
structural system, the opening action of each joint has been assumed to be reduced to one 
pin and a prestressed torsion spring, where the link plate and the sliding sleeve have been 
omitted.
The moment about the link pin, generated by the joint spring, can be related to the 
deployment angle <£, figure 5.5. Figure 5.6 shows a plot of moment, M, versus 
deployment angle, <f> for the given spring stiffness used in the antenna manufacture. The 
profile of the M vs. <t> graph defines the stiffness characteristics of the torsion springs to 
be used, and the moment M at the angle <f>, (by which the joint is partially open in its 
stowed configuration), defines the prestress.
The omission of the link plate and second pin at the central energy loaded joints is justified 
by the sequence of events, for a single articulated member, predicted by numerical analyses 
and illustrated in figure 5.7. The presence of the additional pin and link plate allows the
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system to turn itself inside out in the numerical analyses. This cannot occur in practice as 
the link plate abuts against the joining members and therefore rotation at these pins, in the 
direction of the arrows in figure 5.7, cannot take place. ABAQUS does not support a 
facility to include this type of directional boundary constraint and hence the single pin 
analogy was implemented.
The various prestress values calculated for the torsion springs which were used to model 
the energy loaded joints constitute a set of loading conditions which cause the antenna to 
deploy by transferring the stored energy in the springs to kinetic energy of the deploying 
structure. The magnitude of the respective prestresses and M vs. <f> profile, figure 5.6, 
determines the rate and amount of energy available for transfer and ultimately determines 
the deployment time and deployment shock for a given spring stiffness used in the 
manufacture of the antenna.
A large displacement dynamic analysis was undertaken to model the effect of this energy 
transfer. The solution of the equilibrium equations, yielding the displaced shape of the 
structure, is obtained using the automatic time integration procedure, implemented by 
ABAQUS, and the numerical tolerances recommended in the software manual.
The antenna is deemed to have fully deployed when each of its structural members have 
rotated through their requisite deployment angles; beyond this point the analysis results 
have no physical significance, as in reality, the sliding sleeves pass over the joint pins and 
hence, the stiffness characteristics assigned to the deploying joints are no longer 
appropriate. (The joint stiffnesses will then be governed by the material and geometric 
properties of the sliding collars and not by the stored potential energy).
The configuration of the stowed antenna prior to release from its launch holdings is of 
paramount importance to the successful deployment of the antenna. The structure behaves 
as a mechanism during deployment and should possess inherent restraint such that it’s 
deployment sequence follows a predetermined path thus enabling the system to achieve its 
deployed configuration.
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The stowed antenna should hence be configured so that it represents a synchronously 
deployable, single degree of freedom structure. This ensures that:-
(i) each joint attains its deployed configuration in the same time interval 
thereby avoiding the possibility that a number of deployed joints will inhibit 
further rotation, at the remaining deploying joints, and subsequently prevent 
the antenna from deploying completely,
(ii) that the antenna will, in the absence of external restraining forces, seek to 
attain a single predetermined deployed configuration for any distribution of 
deployment forces.
The ABAQUS finite element software package did not possess the facility to allow the 
analysis to continue until a given prescribed displacement or rotation was achieved at a 
given point and hence the time taken for deployment was determined in an iterative manner 
by allowing the analysis to execute for a time longer than was necessary for deployment 
and monitoring the displaced shape of the structure until deployment was achieved. The 
analysis was then re-run for the time it took for the antenna to deploy to obtain the initial 
conditions for the ’post-latch’ analyses.
5.8.2 Numerical Verification of the Deployable Concept
The proposed deployable antenna concept is shown in its stowed configuration in figure 
5.8(a). The antenna folds into a tall cylindrical shape with all of its articulated members 
orientated in the same direction as the non-articulated members in its stowed configuration.
The deployment of this antenna concept was modelled and analysed as described in section 
5.8.1. Boundary conditions against rotation and displacement at its support node were 
included. The sequence of events predicted by the finite element analyses is shown in 
figures 5.8(b)-(f). and it is clear that the antenna was not capable of deploying from this 
initial stowed configuration.
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The inner ring nodes were seen to rotate and deflect downwards and the central node 
tended to oscillate about its starting position. The rotation of the inner ring nodes 
immediately violates the constraint that deployment should be synchronous.
The analysis was re-executed using the ADAMS kinematic analysis capability, (ADAMS, 
1991), at British Aerospace, Bristol. The software consists of a packaged set of utilities 
for the analysis of single degree of freedom mechanical systems. Motion is studied without 
regard to the forces that produce it but through motion-generators and user defined 
constraints to exercise the system through various configurations.
As a first step the number of degrees of freedom in the proposed system is calculated; 
twenty three degrees of freedom were calculated for the proposed deployable antenna 
concept and therefore, it was necessary to impose a number of additional boundary 
conditions on the model to reduce the number of degrees of freedom to unity. The inner 
ring nodes were restrained against displacement out of the plane in which they were 
located. This reduced the proposed antenna concept to a single degree of freedom system.
These boundary constraints were included in the finite element model of the deployment 
process. The deployment sequence of the restrained system is shown in figure 5.9. The 
antenna was seen to unfurl but it was not capable of achieving its deployed configuration. 
The required member rotations for successful deployment are shown in table 5.10 adjacent 
to those predicted by the finite element analyses. The finite element analyses predicted that 
only the small radial members attain their deployed configurations; furthermore, the kinetic 
energy of the system at its most deployed state was zero indicating that the structure had 
become locked in a partially deployed configuration. The antenna was not deploying 
synchronously and hence could not unfurl completely.
The source of this problem was found to be the design of the node assemblies to which 
each of the structural members were attached. The node assemblies were manufactured 
in aluminium and thus in an effort to keep the mass of the structure to a minimum these 
nodes were made as small and as shallow as possible. The different members intersecting 
at a node assembly arrive at the node at various different angles and hence a relatively deep
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node was required to enable the member axes to intersect at a point in the node, figure 
5.10, and hence the node design in figure 5.11 was considered initially.
The deployment analyses discussed above for this shallower node design predicted that the 
antenna was not capable of deploying completely, and therefore, the shallow node 
assemblies were replaced by the deeper nodes with member axes intersecting at a point. 
The deployment sequence and the angles of rotation of the antenna members are shown in 
figure 5.12 and table 5.11 respectively.
The antenna is seen to have deployed fully and its kinetic energy was as expected a 
maximum just prior to the joints locking in position. It is concluded that for this type of 
structure the member axes of all members meeting at a node should intersect at a point 
within the node for successful deployment.
The proposed antenna concept has been shown to be capable of deploying provided 
sufficient boundary conditions are applied so that the system possesses a single degree of 
freedom. In practice it will not be possible to apply these boundary conditions and hence 
an alternate solution, excluding artificial boundary conditions, was sought.
The boundary conditions applied to enable the antenna to deploy were vertical displacement 
and rotation restraints on the inner ring nodes. This constraint can be made inherent to the 
structure by rotating the inner ring members through ninety degrees as illustrated in figure 
5.13(a) and (b). The pin orientation at the ends and centres of the inner ring members is 
now parallel to the cylindrical axis of the stowed antenna and hence the bending stiffness 
of the inner ring members in the plane of the inner ring nodes restrains them against 
displacement out of that plane.
The deployment sequence for the unconstrained antenna and the deployment angles of its 
respective members are shown in figures 5.13(a)-(f) and table 5.12.
An antenna, including outer ring members as discussed in Chapter 3, was also considered. 
The same conditions for deployment, as were observed in the case of the antenna without 
the outer ring, were necessary for this antenna configuration.
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The proposed antenna has been show to be deployable if the inner ring members are rotated 
through ninety degrees. However, the antenna cannot be stowed during launch in this 
configuration and therefore deployment must be performed in two stages.
During stage one the inner ring members are rotated through ninety degrees. It was further 
shown, by numerical analyses, that only three alternate inner ring members need be re­
orientated for successful deployment of the antenna. Once the inner ring members are 
repositioned the pyrotechnic straps securing the antenna in the launch vehicle are cut and 
deployment commences.
The design of the joint mechanisms to re-orientate the inner ring members was not 
considered during the course of this investigation. The antenna was manufactured with 
each inner ring member re-orientated into the plane of the inner ring nodes and with all 
member axes intersecting at a point in each of the node assemblies.
5.8.3 Calculation of Deployment Time and Deployment Shock
The time taken for deployment and the velocities of the antenna constituents at deployment, 
(’the deployment shock’), were calculated for the deployable antenna for different stiffness 
joint springs.
Figure 5.14 shows a plot of kinetic energy against deployment time for the manufactured 
antenna configuration for different stiffness joint springs. The curve of the graph is 
asymptotic to the time and kinetic energy axes, suggesting that there is little benefit in 
deploying the antenna slowly as there will be only a small decrease in kinetic energy for 
a large increase in deployment time. Ideally the antenna should be deployed as rapidly as 
possible, without overstressing the antenna constituents, to prevent any disturbance of the 
deployment sequence due to possible movement of the supporting spacecraft.
However, to deploy this structure rapidly using the joints described, the spring dimensions 
would be out of proportion to the dimensions of the components on which they are
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mounted. Using 26mm axle diameter, 2mm coil diameter mild steel springs in the energy 
loaded joints gave a deployment time of 4.63 seconds.
The kinetic energy distribution at deployment is then applied as a set of initial conditions 
in the numerical model of the deployed antenna to examine its ’post-latch’ response.
5.9 Analysis of the ’Post-Latch’ Response of the Deployable Antenna
This section describes the dynamic analyses undertaken to model the response of the 
deployed antenna to the deployment shock using mode superposition and direct time 
integration techniques.
The objectives of the ’post-latch’ analyses are to quantify the stresses induced in the 
manufactured antenna constituents due to deployment and to study the effects of the sliding 
collar clearance dimensions on the vibration response of the antenna in its ’post-latch’ 
phase.
5.9.1 Stress Analysis of the Manufactured Antenna in the ’Post-Latch’ Phase
A finite element model of the antenna is assembled as described above in the section 5.8. 
For the stress analysis of the manufactured antenna there is assumed to be no clearance 
between the sliding collars and the tube components and the energy loaded joints are 
assumed to be continuous with the structural members of the antenna system.
The natural frequency of the antenna is, from the experimental analyses, 3.85Hz and 
hence, a sufficiently long analysis period should be chosen to enable a number of 
displacement cycles, of this frequency, to be captured. The element forces for a period of 
1.6 seconds in the ’post-latch’ phase are obtained using direct time integration, with a 
maximum time increment of 0.0025 seconds to ensure good definition of the higher modes.
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The beam element forces for each time increment were recorded and the maximum 
respective axial forces, shear forces and bending moments, for each beam element, 
irrespective of the time at which they occurred, were combined using the Von Mises stress 
criteria, for deployment of the antenna in 4.63 seconds and 1.23 seconds. This represents 
a very conservative estimation of the stresses induced in the antenna as the maximum axial 
forces, shear forces and bending moments are unlikely to occur simultaneously.
The resulting stresses, expressed as fractions of the yield strengths of aluminium and 
titanium and the ultimate compressive strength of the composite material, obtained in the 
strength tests in Chapter 4, are plotted in figure 5.15. The figure shows a maximum stress 
concentration of 0.5 for the smaller diameter composite tubes for a deployment time of
1.23 seconds. The joint springs used in the antenna predicted that deployment would take 
4.63 seconds and considering the conservative nature of the stress calculations it was 
concluded that deployment of the structure would not cause failure due to overstressing the 
antenna constituents.
5.9.2 Analysis of the Effect of Joint Non-linearities on the Vibration Frequencies in the 
’Post-Latch’ Phase
The effect of deployment rate and the joint clearances on the ’post latch’ response of the 
deployable system is examined. This effect is quantified by comparing the vibration 
frequencies of the non-linear models, (joint clearances are included), with the linear 
response of the system with no joint clearance.
The vibration response for the antenna, excluding and including the outer ring members, 
is examined for no clearance between the sliding collars and the energy loaded joint 
components and for clearances of 0.0125mm, 0.025mm, 0.032mm, 0.07mm, 0.127mm 
respectively.
Three different deployment rates for the two antenna configurations, using the same torsion 
spring stiffnesses, corresponding to deployment times of 4.63 seconds, 1.63 seconds and
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1.23 seconds for the antenna without the outer ring, (the manufactured antenna), and 5.07 
seconds, 1.76 seconds and 1.35 seconds for the antenna with the outer ring1.
Mode superposition techniques were employed for the linear dynamic models to predict the 
frequencies and modes excited. The mode superposition technique is based on the response 
of a system being a linear combination of its modes of vibration and is not applicable to 
models with non-linear joints.
The response frequencies of the non-linear models were obtained by performing a Fast 
Fourier Transform, FFT, on the displacement versus time response, calculated using direct 
time integration techniques. The essence of the Fourier transform is the decomposition of 
a waveform into a sum of sinusoids of different frequencies and amplitudes. A Fourier 
transform is then a frequency domain representation of the time function and contains 
exactly the same information as the original waveform albeit displayed in a different 
manner. The FFT used in the calculations is based on the algorithm presented by Brigham, 
1988, allied to several numerical preconditioning techniques implemented by York, 1992.
5.9.2.1 Numerical Modelling of the Joint Clearances
The energy loaded joint is shown schematically in figure 5.16, illustrating the joint 
clearance dimension with respect to the sliding collar and the joint components. The 
central energy loaded joints were modelled using a single pin as before.
The modelling of the clearance dimension was initially considered using the ABAQUS gap 
elements. The displaced shapes which the jointed members can assume, figure 5.16, 
dictated that three gap elements were needed, one at each end of the sliding sleeve and one 
at the hinge location, corresponding to potential contact locations between the sliding 
collars and the joint components.
1 The two antenna configurations deploy in different times and with different 
deployment energies for the same stiffness torsion springs due to their different numbers 
of energy loaded joints.
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There are seventy two and ninety joint locations respectively in the antenna models 
excluding and including the outer ring at the antenna surface level. This large number of 
mechanical joints gave rise to a very complex numerical models for the systems 
incorporating nonlinear joints. Therefore, instead of defining the joint clearance at each 
of these locations using the gap elements described it was proposed that each joint assembly 
could be modelled using a single torsion spring with a ’dead zone’, figure 5.17.
The width of the ’dead zone’ was calculated from the clearance dimensions at the joints, 
and the stiffness of the spring’s linear regime was based on the geometric and stiffness 
properties of the sliding collar. Ideally the slope of the ’dead zone’ should be zero 
representing no stiffness up to the angle at which contact occurs however, this led to 
numerical problems in the solution procedures and a small slope approximately 1/1000th 
of the stiffness calculated for the collar was employed.
The dynamic responses of a single jointed member, modelled using gap and spring 
elements, were analysed and compared to justify the spring analogy.
The spring and gap numerical models for the single 1.0m composite jointed member, with 
a composite sleeve, are shown in figures 5.16 & 5.17. The length of the spring dead zone 
is calculated from the length of the sliding collar and the gap clearance as illustrated. The 
stiffness of the linear regime, for the proposed torsion spring, is taken as EI/L for the 
sliding collar.
The two models are subjected to an impact force equal to ION applied at the centre of the 
member, over a time period of 0.001 seconds, and the displacement response of each 
system calculated.
Figures 5.18 and 5.19 show the displacement response obtained for each model, at the 
impact position. The maximum displacement experienced by the gap model is 2.7mm 
compared to 2.65mm for the spring model, representing a -1.8% difference with respect 
to the gap result. The displacement response transferred into the frequency domain for the 
respective analyses are presented in figures 5.20 and 5.21. The first vibration frequency
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of the gap model is seen to be 5.5Hz compared to 5.71Hz for the spring model, 
representing a -3.7% difference with respect to the former.
The spring idealisation, of the gap problem, greatly simplifies the model generation and 
more importantly reduces the analysis time by approximately two thirds. (The relative 
number of increments needed is visibly obvious from the displacement responses illustrated 
in figures 5.18 and 5.19).
The equivalent spring models were used in the subsequent analyses of the complete 
structure to model the joint clearances.
The numerical models employed, for the ’post-latch’ analysis of the vibrations of the 
antennas, were based on the numerical model developed for the experimentally tested 
manufactured antenna. However, for these analyses, the joints were modelled using the 
torsion springs, described above, with appropriate dead zones. The mass of the sliding 
collars was included by prescribing point masses at each joint location.
5.9.2.2 Vibration Response of the Two Antenna Configurations with no Joint 
Clearances
The modes of vibration excited by the latch-up of the energy loaded joints at deployment 
and the displacements of the antenna were obtained using mode superposition techniques.
The first twenty natural frequencies and modes of vibration were used in the analyses. 
Figure 5.22 shows the normal coordinates, of the first six modes, for the manufactured 
antenna deployed in 1.23 seconds. Table 5.13 shows the natural frequencies and the 
maximum absolute values of the normal coordinates for the first twenty mode shapes, due 
to deployment in 4.63 seconds.
The analyses showed that the important lower modes of the antenna, without the outer ring 
at the antenna surface level, are mode numbers two, four and six, and that the modes 
excited were independent of the magnitude of excitation because the structure was linear.
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The first natural frequency and mode of vibration for the structure has not been excited; 
this is explained by examining the shapes of the first and second modes of vibration, shown 
in figure 5.4, and the manner in which the antenna deploys. The first and second modes 
of vibration were rocking modes about axes A-A and B-B respectively; the antenna 
deployment direction, and hence the deployment shock, was symmetrical about axis A-A 
and at right angles to axis B-B and therefore, mode number one was not excited and mode 
number two was identified as the most important ’post-latch’ mode of vibration.
Table 5.13 shows that there is also significant contributions to the dynamic response from 
mode numbers ten, twelve and fifteen. These mode shapes were combined vibrations of 
the long radial members and were excited as these members locked into position.
The natural frequencies and maximum and minimum values of the normal coordinates, for 
the first twenty mode shapes, of the antenna with the outer ring at the antenna surface 
level, are shown in table 5.14. The predominant lower modes of vibration were mode 
numbers one, six and seven. The inclusion of the outer ring at the reflector surface level 
alters the response of the antenna. The first mode of the antenna with the outer ring 
members is similar in shape to the second mode of the antenna without these members and 
was, therefore, excited by the deployment shock. Mode numbers ten, twelve, thirteen, 
fourteen, sixteen and eighteen were also prominent. These, as in the case of the antenna 
without the outer ring are bending modes of the long articulated members and are excited 
as these members lock into their deployed configurations.
The mode superposition analyses have defined the frequencies of the respective linear 
models that are excited by the deployment shock. The effect on these frequencies, due to 
the presence of different joint clearances, is examined in the next section.
5.9.2.3 Vibration Responses of the Two Antenna Configurations Induding Joint 
Clearances
The joint clearances were modelled, and the vibration frequencies after deployment 
analysed, as described in section 5.9.2.1, for the single jointed member. The shapes of
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the modes of vibration, excited in the linear model, are examined to choose appropriate 
reference points and directions, from which to study the vibration response of the antenna 
with non-linear joints.
The non-linear analyses focused predominantly on the frequencies below fifteen hertz as 
the high degree of non-linearity introduced by the numerous bilinear springs allied to the 
small time increments that would be required to accurately characterise the higher 
frequencies would require prohibitive amounts of computing time. The presence of higher 
frequency vibrations is however discussed but is not quantified in terms of changes in 
frequencies due to gap size or excitation energy.
The displacement versus time response for the points A,B and C, figure 5.23, were 
calculated for the manufactured antenna and for an antenna which included an articulated 
outer ring.
Figures 5.24 (a), (b), (c), (d), (e) and (f) show the displacement responses of the reference 
points for deployment in the 1.23 seconds with kinetic energy of 223kN-m for the linear 
and nonlinear models which were considered.
Figures 5.25(a) and (b) show the effect of the slower deployment rates on the minimum gap 
size.
The energy distribution at Tatch-up’ excited a number of the antenna’s natural frequencies, 
as described in the previous section. The response of the structure, with no joint clearance, 
was periodic and the high frequency content of the vibration pattern in the ’post-latch’ 
phase was conserved through time, figure 5.24(a).
However, this was not the case for the models including the gap dimensions, figures 
5.24(b)-(f). An examination of the displacement patterns for point A shows that the 
contributions of the high frequency vibrations, exhibited by the jagged appearance of the 
displacement curve, diminish in time. This is particularly evident in the larger gap sizes, 
figures 5.24(e) and (f); the same trend is witnessed for the smaller gap sizes, figures 
5.24(b), (c) and (d), although they reduce over a longer time period.
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It was concluded that this phenomenon was due to the redistribution of the deployment 
energy through the structure due to the non-linear joint action, which was observed to 
change the vibration pattern of the antenna.
The linear model predicted that, due to the deployment shock, the contributing modes were 
numbers two, four, six, eleven and twelve with respective frequencies of 3.79Hz, 6.8Hz,
11.22Hz, 27.22Hz, 27.38Hz respectively. The time to complete a vibration cycle at a 
given frequency is equal to the reciprocals of that frequency and hence the higher 
frequency modes experience a greater number of vibration cycles than the lower modes for 
a given analysis time.
This means that consecutive cycles of the higher frequency vibrations will not occur about 
the same joint deformation values. Figure 5.17 showed the respective profiles of the 
torsion spring stiffnesses used for the linear and non-linear joint definitions. The stiffness 
of the linear spring is constant irrespective of joint deformation and hence the vibration 
response remains constant. The stiffness of the non-linear joints, and hence the response 
of the structure, is dependant on the deformation at the joints, which vary with time due 
to the contributions of various modes at different frequencies; in these non-linear cases the 
vibrations may take place entirely in the ’dead zone’, corresponding to no joint stiffness, 
or along the linear part of the curve or in any combination of both and hence the response 
of the structure will change in time.
This is confirmed by examining the absolute displacements of point B two seconds after 
’latch-up’, taken from figures 5.24, for the no gap and maximum and minimum gap cases. 
The linear model showed a negative displacement of -0.05m whereas the displacement for 
the maximum and minimum gap sizes were 0.124m and 0.06m respectively, confirming 
that the response of the structure has altered.
Figures 5.26(a)-(f) show the displacement data for the post latch responses of the antenna, 
transferred to the frequency domain, for the fastest deployment rate considered. The 
transfer functions for the three small gap sizes are characterised by three well defined 
peaks. The traces calculated for the remaining two gap sizes exhibit small, but noticeable, 
peaks adjacent to the predicted vibration frequencies.
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Although a weighting function has been applied to the time data to prevent leakage, 
(Brigham, 1988), it is believed that the energy associated with the higher frequencies, 
transferred through the action of the joints to the lower modes of the structure yielding a 
slightly non-uniform vibration pattern and hence additional peaks, similar to those caused 
by leakage, in the transfer function.
The data for the non-linear models show that the calculated vibration frequencies decreased 
as the gap size increased, table 5.15 column one. The reduction in calculated frequencies, 
with respect to the linear model, is significant; 6%, 13%, 17%, 32% and 50% respectively 
for increasing gap sizes.
Figures 5.25(a) and (b) show the displacement data for the 0.0125mm gap model, in the 
time and frequency domains, for decreasing deployment rates. The maximum 
displacements, as expected are lower for the slower deployment rates. The FFT’s of these 
waveforms are given in figures 5.27(a) and (b). The vibration frequencies are also seen 
to be dependent on the rate at which the antenna is deployed. The higher deployment rates 
yield higher vibration frequencies due to larger deformations experienced at the joint 
locations, thereby minimising the effect of the joint non-linearities. As the deployment 
energy was reduced from the 223kN-m to 127kN-m and 15kN-m the respective first peaks 
in the frequency domain were observed to reduce by 7%, 8.5% and 25% respectively, with 
respect to the case of no joint clearance.
The complete set of results, for the five gap sizes and three deployment rates, for the 
manufactured antenna are tabulated in table 5.15. Figure 5.28 shows a contour plot for 
the first vibration frequency for normalised deployment kinetic energy and gap sizes.
The analyses were repeated for the antenna configured with the articulated outer ring at the 
antenna surface.
The complete set of results are tabulated in table 5.16 and reproduced in a contour plot in 
figure 5.29.
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The trends of decreasing vibration frequency, with increasing gap size for a given 
deployment time, and increasing deployment time for a given gap size were consistent with 
the analysis results for the manufactured antenna.
The comparison of the two contour plots assembled from the analyses results of the two 
antenna configurations shows that the effect of the joint non-linearity on the structural 
response was more important for the antenna without the outer ring. The structure without 
the outer ring shows a maximum reduction in frequency of 74% compared to 53% for the 
manufactured antenna for the deployment rates and gap sizes considered. The structure 
without the outer ring constitutes a set of tetrahedron joined at their respective apexes and 
was not as sensitive to changes in joint stiffness as the model without the outer ring.
For both models however it is clear that the structural response has been affected by their 
respective joint properties and excitation levels. The joint non-linearities were seen to 
change the vibration response of the structures in their post latch phase.
The linear models represent some important advantages over the non-linear systems. The 
vibration response for the linear system, in terms of frequencies and mode shapes excited, 
was the same for different magnitudes of the same energy distribution and also constant in 
the time period. Furthermore, well established experimental techniques, which exist for 
the vibration analyses of linear structures, can be used to validate the numerical models.
The initial energy distribution for the non-linear models is seen to be redistributed in time; 
this is a potential advantage of the non-linear system with respect to the linear one. Figure 
5.24(a) shows the displacement versus time response for the linear antenna without the 
outer ring excited by deployment in 1.23 seconds. As explained the high frequency content 
of the vibration, associated with vibration of the long radial members is conserved through 
time. This high frequency content could be artificially eliminated by judicious positioning 
of non-linear joints in an otherwise linear model. Figure 5.30 shows the displacement 
versus time response for a model with linear joints for all members except the long radial 
members, where a gap dimension of 0.032mm was considered. Figure 5.31 shows the 
same data transferred to the frequency domain. The high frequency content is seen to 
dissipate with time and the vibration frequencies calculated were 3.8Hz, 6.78Hz and
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11.16Hz compared to 3.8Hz, 6.8Hz and 11.22Hz for the linear model, and 3.14Hz, 
2.69Hz and 1.98Hz for the model with a full complement of joint clearances.
The inclusion of small clearances in the joints located on the long radial members had a 
negligible impact on the lower frequencies of the antenna and additionally the high 
frequency content has been dissipated.
Work carried out by 3M, (3M, 1992), showed that strategic placement of a viscoelastic 
material can enhance the damping properties of selected modes in free vibration. In the 
case of the model with non-linear joints placed on the long radial members only, enhanced 
damping of the lower modes only would ensure that the total energy of the system could 
be dissipated due to the inherent redistribution of the deployment energy away from the 
higher frequency modes.
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Mode
Frequency (Hz)
No
transducer
l.Ogr. transducer 
at node 'f'
9.1gr transducer 
mid member to 'k'
1 16.87 16.85 16.81
2 17.64 17.27 17.60
3 31.31 31.29 31.23
4 55.01 55.01 46.09
5 55.19 55.19 52.19
6 60.80 60.80 52.29
7 61.06 61.06 56.36
8 61.87 61.86 60.91
Table 5.1: First Eight Natural Frequencies of the Perspex Reflector in Free- 
Free Conditions with and without additional masses for experimentation
hardware.
Mode
Frequency (Hz)
Selfweight
included
Selfweight plus 
transducer at node 
' £ '  included
1 3.94 3.94
2 4.80 4.79
3 6.04 6.02
4 13.79 13.67
5 20.77 20.65
6 27.63 27.56
7 53.90 53.89
8 56.89 56.86
Table 5.2: First eight Natural Frequencies of the Perspex Antenna Fully Fixed 
at Node 'b' including Self weight Effects with and without experimentation
Hardware.
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2.8m beam 
Method
Natural Frequencies (Hz.)
1 2
Experimental 36.45 100.4
Classical 37.1 102.3
(+1.8) (+1.9)
F.E.
isotropic:- G(12) 36.93 101.1
(+1.3) (+0.7)
v(12) 36.97 101.6
(+1.4) (+1.2)
orthotropic 35.98 97.5
(-1.3) (-2.9)
Table 5.3: Numerical Modelling of 25.0mm Internal Diameter Composite Members. 
(Figures in brackets are the percentage difference with respect to the
experimental results).
Specimen
Length
(m)
Natural 
Frequency (Hz)
1 0.996 277.35
2 0.996 287.33
3 0.998 276.67
4 0.989 281.19
5 1.02 274.30
Table 5.4: Natural frequencies of Nominally 1.0m Length Pullwound Tubes 
Modelled Isotropically and Using the Material Properties from the Static
Tests.
Specimen
Frequencies (Hz)
1 2
Pullwound Tube 
plus end components
Filament wound 
tube plus end 
components
86.60
212.99
265.10
588.45
Table 5.5: Natural Frequencies of The Pullwound and Filament Tubes with Member
End Components
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Frequencies (Hz)
Mode Mesh 1 
l.r. =10els. 
other= 5els.
Mesh 2 
l.r.=20els. 
other=10els.
Mesh 3 
l.r. =40els. 
other=20els.
Mesh 2 + 
Prestress due 
to Suspension
1 8.16 8.22 8.23 8.22
2 19.95 20.03 20.04 19.97
3 26.54 26.77 26.87 26.76
4 26.81 27.08 27.14 27.06
5 31.84 32.19 32.26 32.16
6 47.07 47.35 47.42 47.34
7 51.00 51.38 51.49 51.38
8 54.76 55.33 55.51 55.40
Table 5.6: Natural Frequencies of the Composite Unit Building Block in Free' 
Free Conditions for Three different Mesh Densities and the effect of the 
Prestress Induced by The Suspension System for the second Mesh density 
(l.r.=long radial members, other=remaining members, els.^elements)
Mode
Frequency (Hz)
Fully
Fixed
Fully Fixed + 
Self-weight effects
1 5.66 5.67
2 5.78 5.79
3 6.13 6.14
4 6.71 6.72
5 20.02 19.98
6 25.14 25.12
7 25.9 25.89
8 31.18 31.14
Table 5.7: Natural Frequencies of the Composite Unit Building Block Fully 
Fixed at Node 'b' with and without Self-weight Effects
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Mode
Frequency (Hz)
Free-Free Free-Free plus 
selfweight effects
1 4.23 4.21
2 5.05 5.03
3 9.49 9.49
4 15.61 15.71
5 15.99 16.09
6 16.13 16.23
7 16.25 16.35
8 16.54 16.63
9 16.60 16.68
10 16.75 16.83
11 16.85 16.94
12 17.74 17.88
13 17.96 18.09
14 18.37 18.49
15 18.55 18.67
16 25.43 25.34
17 25.66 25.69
18 27.99 27.92
19 28.11 28.05
20 29.40 29.33
Table 5.8: Natural frequencies of the 5.0m Manufactured Reflector in Free-Free 
Conditions with and without Self-weight Effects
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Mode
Frequency (Hz)
Fully
Fixed
Fully Fixed + 
Self-weight effects
1 2.48 2.42
2 2.54 2.47
3 2.82 2.81
4 4.71 4.46
5 7.38 7.23
6 7.64 7.42
7 15.61 15.76
8 15.98 16.08
9 16.17 16.27
10 16.19 16.29
Table 5.9: Natural Frequencies of the Fully Fixed Manufactured Antenna with
and without Self-weight Effects
Energy loaded 
joints located on
Angle to 
Deploy 
(rads.)
Angle 
Achieved 
(rads.)
% Error
Tripods 1.108 1.068 -3.61
Small radials 1.39 1.384 0.0
Small articulated
ends
middle
1.548
3.096
1.501
3.001
-3.04
-3.07
Long articulated
antenna centre 
middle 
antenna perimeter
1.678
3.032
1.354
1.541
2.721
1.179
-8.16
-10.26
-12.93
Kinetic Energy (N-m.)
For
Deployment Actual
MAX 0.0
Table 5.10: Angles Achieved for Deployment of Restrained Model with Shallow 
Node Design, (Member axes do not meet at a point)
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Energy loaded 
joints located on
Angle to 
Deploy 
(rads.)
Angle 
Achieved 
(rads.)
% Error
Tripods 1.137 1.137 0.0
Small radials 1.43 1.43 0.0
Small articulated
ends
middle
1.553
3.106
1.53
3.061
-1.5
-1.5
Long articulated
antenna centre 
middle 
antenna perimeter
1.697
3.053
1.355
1.676
3.011
1.335
-1.3
-1.4
-1.5
Kinetic Energy (N-m.)
For
Deployment Actual
MAX MAX
Table 5.11: Angles Achieved for Deployment of Restrained Model with Deep Node
Design, (Member axes meet at a point)
Energy loaded 
joints located on
Angle to 
Deploy 
(rads.)
Angle 
Achieved 
(rads.)
% Error
Tripods 1.137 1.137 0.0
Small radials 1.43 1.43 0.0
Small articulated
ends
middle
1.553
3.106
1.542
3.084
-0.7
-0.7
Long articulated
antenna centre 
middle 
antenna perimeter
1.697
3.053
1.355
1.689
3.037
1.348
-0.5
-0.5
-0.5
Kinetic Energy (N-m.)
For
Deployment Actual
MAX MAX
Table 5.12: Angles Achieved for Deployment of Unrestrained Model with Deep 
Node Design and Inner Ring Members Rotated through Ninety Degrees, (Member
axes meet at a point)
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Mode Frequency
(Hz)
Normalised Displacement 
Coordinates 
(max. absolute value)
1 3.71 0.0
2 3.79 0.0519
3 4.57 0.0
4 6.80 0.0174
5 11.09 0.0
6 11.22 0.0101
7 24.47 0.0
8 24.75 0.0
9 25.16 0.0018
10 26.16 0.0560
11 27.22 0.0
12 27.38 0.0513
13 27.89 0.0242
14 28.00 0.0
15 28.25 0.0796
16 28.28 0.0
17 31.13 0.0
18 31.58 0.0007
19 37.08 0.0046
20 42.55 0.0
Table 5.13: Natural Frequencies for the Reflector Configuration without the 
Outer Ring and the Normalised Displacement Coordinates for Mode Numbers One to
Twenty due to the Deployment Shock
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Mode Frequency
(Hz)
Normalised Displacement 
Coordinates 
(max. absolute value)
1 3.40 0.0481
2 3.83 0.0004
3 5.50 0.0
4 19.06 0.0033
5 21.03 0.0
6 22.47 0.0139
7 23.01 0.0217
8 23.78 0.0
9 24.61 0.0
10 25.27 0.0517
11 25.52 0.0
12 25.83 0.0283
13 26.41 0.0134
14 27.89 0.0542
15 28.01 0.0
16 28.14 0.0492
17 28.45 0.0
18 28.63 0.0125
19 28.83 0.0
20 30.43 0.0
Table 5.14: Natural Frequencies for the Reflector Configuration with the Outer 
Ring and the Normalised Displacement Coordinates for Mode Numbers One to
Twenty due to the Deployment Shock
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Gap Size 
(mm)
Deployment Time & Energy 
(secs., kN-m.)
1.23, 223 1.63, 127 4.63, 15
0.0 3.79 3.79 3.79
0.0125 3.56 3.47 2.85
0.025 3.31 3.05 2.11
0.032 3.14 2.69 1.98
0.07 2.56 2.2 1.24
0.127 1.9 1.49 0.99
Table 5.15: Effect of the Deployment Shock and Joint Clearances on the Lowest 
Vibration Frequency of the Reflector without the Outer Ring in its 'Post-
latch' Phase
Gap Size 
(mm)
Deployment Time & Energy 
(secs., kN-m.)
1.35, 258 1.76, 189 5.07, 18
0.0 3.40 3.40 3.40
0.0125 3.19 3.18 2.73
0.025 3.05 2.98 2.34
0.032 2.91 2.84 2.13
0.07 2.48 2.41 1.63
0.127 2.13 2.06 1.63
Table 5.16: Effect of the Deployment Shock and Joint Clearances on the Lowest 
Vibration Frequency of the Reflector with the Outer Ring in its 'Post-latch'
Phase
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Including Transducer Excluding Transducer
Mode Number Four 
F = 46.09  Hz F = 55.01 Hz
Mode Number Five
F = 52.19 Hz F = 55.19  Hz
Mode Number Six 
F = 52.29 Hz F = 60 .80  Hz
Fig. 5.1 : Plan Views of Mode Numbers Four, Five and Six for The Perspex 
Antenna in Free-Free Conditions Including/Excluding the Mass of the Force
Transducer
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Fb
G
Fa+2Fb+Fc = Weight of model 
Moments about centre mass equal zero 
Springs 1 .ON/m
Fig. 5.2 : Modelling S tressed  State Induced by Suspension System
Typical Linearised Joint
Joint Components Split Cylinder
X   \-------- r~^ 3
Clamping Screws
Section A-ALink Plate
Numerical Model
Discretized Member
Additional Element running over pin joint,
Fig. 5.3 : Numerical Modelling of the Linearised Joints
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Mode Number One, F = 3 .94  Hz
Mode Number Two, F = 4 .1 4  Hz
B
B
Mode Number Three, F = 4 .5  Hz
Fig. 5 .4  : First Three Modes of Vibration for The Manufactured Antenna
Modelled Numerically
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F =  k (initial compression)
Partially Open 
F =  k (init. comp.-ext.)
Ext = f (0) =  d(tan 0)(1-tan 0/2) 
therefore F =  f(0) and M = f(0)
Fig. 5.5 : Mechanics of a Member End Joint
k =  370 N/m, Initial Compression = 0.055m
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Fig. 5.6 : Applied Moment
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Link Plate Pin Joint
Pin Joint + 
Prestressed 
Torsion Spring
pm
Sliding
collar
Joint
Components
Spring
CFRP Tube
Centre Member Joint 
B
A
-^----
i"
Discretized
members
Numerical Model
A
Predicted sequence of events from numerical analyses, A-B-C 
Fig. 5.7 : Modelling of Centre Member Joints Including the Link Plates
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(a) Stowed (b) Stage One
(d) Stage Three(c) Stage Two
(f) Stage Five(e) Stage Four
Fig. 5.8 : Sequence of Events for Unconstrained Original Model
(a) Stowed
(b) Partially Deployed
(c) Antenna becom es 'jammed' in a Partially Deployed State
Fig. 5.9 : Deployment Sequence for the Restrained Model
(Inner ring node)
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\ \
\ \
\ \
\
1
Plan View Elevation
Fig. 5.10 : Deep node design
(Inner ring node)
S
s
Plan View Elevation
Fig. 5.11 : Shallow node design
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(c) Partially deployed (d) Partially deployed
(e) Partially deployed (f) Deployed
Fig. 5.13 : Deployment sequence for the deployable antenna
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Chapter 6 : Results and Discussion
6.1 Introduction
The analyses in the previous chapters concentrated on the development, qualification, 
manufacture and analysis of an unfurlable 5.0m skeletal antenna.
This chapter compares the experimental and numerical results obtained in the previous 
chapters and describes the deployment tests undertaken for the manufactured antenna.
The natural frequencies and mode shapes of the structures and structural components 
measured experimentally are compared to the numerical predictions. The respective sets 
of results are compared in terms of their frequencies and mass normalised mode shapes.
The effect of joint clearance on the unit building block, tested experimentally, and on the 
manufactured antenna, modelled numerically, are discussed further.
The deployment tests and support configurations for ground testing of the manufactured 
antenna are discussed.
6.2 The Perspex Antenna in Free-Free Conditions
The experimental and numerical analyses of the perspex antenna have been discussed in 
chapters four and five respectively. The numerical analysis yielded frequencies of 
16.85Hz, 17.27Hz and 31.29Hz compared to 16.05Hz, 17.09Hz and 31.21Hz measured 
experimentally representing a maximum difference of 5 % with respect to the experimental 
results.
The numerical results are consistently higher than those measured experimentally and this 
is attributed to the rigid connection between each member end and its respective node 
assembly in the numerical model. In practice it is likely that certain bonded connections
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are stiffer than others and that the connections between the member ends and the node 
assemblies are not completely rigid. The numerical model therefore overestimates the 
stiffness of the structure resulting in higher predicted natural frequencies.
The addition of the force transducer via a perspex split ring to enable attachment of a 
mechanical shaker to the structure on one of its long radial members destroyed the 
symmetry of the structure’s modal response. The numerical prediction of the altered fourth 
frequency was accurate to within 1% of the experimental value, 46.0Hz was predicted 
numerically compared to 45.5Hz obtained in practice.
The experimental results are plotted against the numerical results in figure 6.1; the 
relationship between the measured and predicted frequencies is taken as a quantitive 
measure of the accuracy of the finite element model developed for the structure. An 
accurate numerical model is manifested by a linear relationship, with a gradient of unity, 
between the experimental and numerical frequencies, coupled to accurate predictions of the 
natural frequencies.
The solid line shows the relationship between experimental and numerical frequencies, 
yielding a gradient of 0.99, with a maximum frequency variation of 5%, (the dashed line 
has a slope of one and is included for visual comparison). This low deviation between the 
numerical and experimental results coupled to a strong linear relationship between the two 
sets of results implies accurate numerical modelling of the structural response.
The modes of vibration for the first three natural frequencies for the experimental and 
numerical models are compared in figures 6.2(a),(b) and (c). The numerical mode shapes 
are seen to exhibit good visual comparison with the experimental modes.
It did not prove possible to provide energy over a sufficiently broad frequency range to 
excite the higher modes of the perspex model using the impact hammer and the attachment 
of the mechanical vibrator, to one of its long radial members, was observed to destroy the 
symmetry of the higher modes. The numerical model exhibited the same susceptibility to 
mass loading as the manufactured structure. A plan view of the fourth mode shape, 
obtained numerically and including the mass of the force transducer, is shown in figure
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6.3(a); this mode of vibration is consistent with the frequency response functions measured 
along the member to which the shaker is attached, figure 6.3(b) and for the remaining 
radial members, a typical FRF is given in figure 6.3(c), which show that the mode of 
vibration associated with the measured frequency is characterised by vibration of a single 
long radial member only.
The degree of correlation between the numerical and experimental modes is quantified by 
considering the orthogonality of the numerical modes with respect to the experimental ones, 
Targoff, 1976. These matrices, unlike the orthogonality matrices of individual sets of 
mode shapes, are not necessarily symmetrical, due to the inevitable differences between the 
two sets of modes shapes and the fact that matrix multiplication is not commutative. The 
diagonal should approach unity for good correlation with small, (less than 0.1), off 
diagonal terms which may be unsymmetrically distributed.
The orthogonality matrix obtained by comparison of the experimental and predicted modes 
is given in table 6.1. The table shows a high correlation for mode numbers one and three, 
0.87 and 0.96 respectively. The off diagonal terms for mode number three are typically 
0.1 or less indicating a good numerical representation of this mode. The off diagonal terms 
between mode numbers one and two are high and the correlation between the second mode 
shapes is not good.
It is believed that the second mode of the structure was not well isolated in the 
experimental analysis. The orthogonality matrix for the experimental modes, (cf table 4.6), 
yielded an off diagonal term of 0.39 between the first and second modes signifying that two 
orthogonal modes had not been measured. It is believed that the close proximity of the 
respective natural frequencies and the high damping levels measured led to some coupling 
of mode numbers one and two and that as a result clear representation of mode number two 
was not possible using single point excitation techniques.
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6.3 Perspex Antenna with Fixed Conditions
The experimental and predicted frequencies for the perspex antenna with fully fixed 
boundary conditions, (as described in chapter 4), are compared in figure 6.4, (for actual 
tabular results refer to tables 4.7 and 5.2). The numerical model is seen to predict the 
second and third frequencies accurately but underestimates the first measured frequency by 
approximately 10%.
The numerical model was seen to be representative of the perspex structure in the free-free 
analyses and it is believed that the attachment of the shaker has provided additional restraint 
to the structure and thereby increased the natural frequency of the first mode.
The acceleration supplied by the shaker under sinusoidal excitation is a function of the 
frequency squared times the displacement of the stinger, (Ling, 1985), and for the shaker 
employed in the analyses the relationship was:-
a = 0.002 f  d (6 1 )
where T  is the operating frequency and’d’ the displacement, in millimetres. Hence, to 
maintain a constant force across the frequency range the displacement at 4.79Hz and 
6.23Hz, the second and third natural frequencies, are approximately 60% and 30% of the 
displacement at 3.56Hz the first natural frequency.
The larger displacements at lower frequencies thus offers greater potential for the shaker 
to interfere with the response of the structure. The numerical analyses were performed 
using the same numerical model developed for the perspex antenna in free-free conditions 
which was shown above to accurately model the structural response. In this instance it is 
believed that the attachment of the shaker to the fixed perspex model has provided 
additional restraint and hence stiffness to the first mode and thus the numerical model 
yields a lower first natural frequency for the first mode.
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The respective modes of vibration are compared in figures 6.5(a),(b) and (c). The 
numerical modes can broadly be described as lifting, twisting and rocking modes with 
respect to the location of the support conditions. The three dimensional and plan views of 
the predicted modes compare well visually with the experimental modes for mode numbers 
one and three, figures 6.5(a) and (c).
The orthogonality matrix for the experimental versus predicted mode shapes is given in 
table 6.2. The table shows good correlation, (viz. 0.89), between the first experimental 
and predicted modes with off diagonal terms less than 0.12 and between the third 
experimental and predicted modes, with a correlation of 0.86. The coefficient for the 
second mode shapes is 0.6 and is explained by an examination of the orthogonality matrix 
for the experimental modes, (cf table 4.8). This matrix contained large coefficients in the 
off diagonal locations corresponding to mode numbers two and three. Visual examination 
of the three dimensional views of these two experimental modes, figure 6.5(a) and (b) 
shows that they are very similar. The numerical predictions, illustrated in the same figures 
below the experimental modes, differ only in the respect that mode number two twists, 
(three dimensional view and plan view), whereas for mode number three the structure is 
seen to rock, (three dimensional view) and twist (plan view).
The perspex antenna was tested experimentally using the shaker to provide a controlled 
energy input over a narrow frequency range. It is believed that the attachment of the 
shaker and the continuous excitation of the structure in a direction at ninety degrees to its 
plan views, (i.e. out of the page), did not allow the purely twisting mode to occur; it also 
caused some rocking in this mode.
6.4 The Carbon Fibre Tubes with and without End Components
The natural frequencies of selected lengths of the carbon fibre epoxy resin tubes were 
determined for the purpose of validating the numerical models of the material properties 
used for the fibre reinforced polymer composite.
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Static tests were undertaken for the composite tubes to determine the elastic and shear 
moduli for inclusion in an isotropic definition of the material properties. The comparison 
of the isotropic and laminate models of the material properties has been discussed in 
chapter 4 and an isotropic model was deemed sufficient for the description of the composite 
material properties for accurate representation of the respective members lower modes.
The predicted results for the structural members tested with and without bonded joint 
components are within 3% of those determined experimentally. (The tabulated results are 
given in tables 4.9, 5.4 and 5.5).
A complete modal survey of a 2.379m length of tube, which was manufactured by the 
pullwinding technique, was undertaken to enable comparison of experimental and predicted 
modes of vibration. The orthogonality matrix between the experimental and predicted 
modes is given in table 6.3 illustrating accurate representation of each mode shape, by the 
isotropic material model, with negligible coupling between the well spaced lightly damped 
modes of the member.
The numerical modelling techniques implemented for the carbon fibre/polymer composite 
members, with and without joint components, have been shown to be representative of the 
experimental response and hence these techniques are deemed appropriate for modelling 
the full size composite structures.
6.5 Unit Building Block with Free-Free Conditions
The unit was tested experimentally using a mechanical shaker and an impact hammer and 
modelled numerically using three different mesh densities. The effect of the suspension 
system on the second mesh density was shown to have a negligible effect on the natural 
frequencies and the results of the free-free analysis for this mesh are compared to the 
experimental results.
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The numerically predicted frequencies for the linearised composite unit building block in 
free-free conditions are compared to the experimental results., measured using the impact 
hammer and the mechanical shaker respectively, in figures 6.6 and 6.7.
The first five predicted natural frequencies are respectively within 10%, 9.7%, 11.4%, 
10% and 12.5% of the impact hammer results and 8.4%, 7.6%, 13.5%, 8.8% and 12.9% 
for the shaker. The graph shows a strong linear relationship between the experimental and 
numerical frequencies although the consistent deviations in predicted frequencies suggest 
that a stiffness parameter of the system may have been overestimated. This is consistent 
with the slope of the graphs being greater than unity.
The experimental (impact hammer) and numerical mode shapes are presented in figures 
6.8(a)-(e).
Visual examination of the predicted and experimental modes shows good correlation for 
mode numbers one, two and five. The respective orthogonality matrices calculated by 
comparing both sets of experimental mode shapes to those determined numerically are 
given in tables 6.4 and 6.5.
The orthogonality coefficients for experimental modes one, two and five, measured using 
the impact hammer, table 6.4, and compared to the predicted results are 0.96, 0.93 and 
0.97 respectively indicating an accurate numerical representation of these modes.
The orthogonality coefficients for mode numbers three and four are characterised by low 
diagonal components and large off diagonals. The coefficients between the third and fourth 
experimental modes and the third predicted mode are 0.52 and -0.75 respectively 
suggesting that there is some coupling between the experimental modes. These modes are 
extremely close in terms of frequency, 24.02Hz compared to 24.61Hz, and hence making 
it almost impossible to extract separate sets of modal constants from the measured 
frequency response function, (cf. figure 4.24).
The orthogonality matrix obtained for the same predicted results compared to the measured 
modes excited using the mechanical shaker is shown in table 6.5. The coefficients, on the
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main diagonal for mode numbers one, two and five are 0.74, -0.83 and -0.82 respectively 
and are up to 23% lower than those obtained for comparison with the impact hammer 
results. It is believed that for this relatively flexible structure the attachment of the shaker, 
as discussed in chapter 4, has affected the response of the structure and prevented it from 
adopting its true mode shapes. Similar to the impact hammer case the coefficients for 
mode numbers three and four show that the predicted and experimental modes are not 
orthogonal.
Closely spaced similar modes are notoriously difficult to separate, (Smith and Woods, 
1982), using single point excitation, because they are likely to be similarly shaped and can 
be coupled by the damping mechanisms inherent to the structure. The damping 
mechanisms incorporated in both numerical and experimental analyses theory, (such as 
viscous damping, hysteretic damping or proportional damping) are such that they allow the 
equations of motion to be uncoupled, (Ewins, 1984), and hence modal coupling in theory 
does not occur and numerical eigenvalue solutions will always predict orthogonal modes 
of vibration.
Hasselman, 1976 showed that the equations of motion can always be uncoupled provided 
that the frequency separation is adequate. Hasselman showed that as long as the relationship 
in equation (6.2) holds the modes of vibration can be uncoupled,
— L < < 1 0 = _ i
y /?2- l
where, aj = modal damping factor for the jth mode and,
Wj and Wj = the natural frequencies of the ith and jth modes respectively.
In this instance the modal damping factors are typically of the order of 0.09%, (cf table 
4.22, measured using the acoustic noise source) and using the natural frequencies predicted 
by the impact hammer, (cf table 4.14, 23.6Hz and 24.9Hz) the left hand side of equation 
is equal to 1.26 and therefore the frequencies are not sufficiently separated to ensure 
uncoupling of the mode shapes.
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Hence, in the case of closely spaced modes it is often not possible to obtain a complete set 
of orthogonal modes as is witnessed by the high off-diagonal and rather low diagonal 
coefficients for mode numbers three and four in the orthogonality matrices.
The experimental analyses were undertaken to validate the numerical models of the 
structure and in this instance the first, second and fifth mode shapes have been shown to 
be representative of the manufactured structure. The third and fourth shapes are closely 
spaced and difficult to isolate but were nevertheless seen to be predominantly related to the 
third and fourth predicted modes.
In the event that more accurate representation of the third and fourth modes was needed 
a better experimental measurement of each mode would be achieved using the phase 
resonance method, (Craig Jr. and Su, 1974). The structure is excited by a series of 
monophase vibrators strategically located around the structure generating a predetermined 
forcing vector designed to excite single modes of the structure only at its respective 
resonance values. This experimental analysis technique, although capable of providing 
good estimates of closely spaced modes by forcing the structure to respond in a single 
mode only, is extremely expensive and time consuming due to the effort involved in 
selecting appropriate shaker locations and force distributions for each mode in turn. 
Additionally, it may also be necessary to undertake a single point excitation test to obtain 
an estimate of the mode shapes of the structures before iteratively tuning a set of shakers.
The numerical models have shown good representation for the well spaced modes, the 
difficulty in exciting and isolating individual modes when closely spaced leads to difficulties 
in numerically predicting the response of the structure at these resonances.
The predicted natural frequencies, however were, seen to be consistently about 10% greater 
than those determined experimentally. Frequency analyses of the carbon fibre tubes tested 
experimentally in free-free conditions and modelled using an isotropic material definition 
have been shown to be accurate to within 3%. The node assemblies were observed to 
experience no deformation, in both the experimental and numerical analyses, for the modes 
of vibration considered and hence the discrepancy cannot be assigned to errors in their 
respective stiffness or geometric properties.
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The variation in predicted and measured frequencies is attributed to the difficulty in 
modelling the connectivity between the titanium inserts and the node assemblies.
The titanium inserts are positioned in machined locations in the node assemblies and are 
secured by a holding screw along its axis and a rivet to prevent rotation, (cf figure 3.15); 
however for a flight model, as discussed, an improved connection using two location 
screws would be used to ensure a more rigid connection.
The numerical model of the composite unit building block was updated using the 
experimental results allied with a technique proposed by McCulloch, Vanhonacker and 
Dascotte, 1990 and Chen, Perretti and Garba, 1987.
The updating technique is based on the assumption that experimental modal analysis 
provides a very accurate measure of a structure’s natural frequencies. The change in the 
natural frequencies of a system due to numerical alteration of one of its physical parameters 
is used to calculate a ’sensitivity gradient’ for the parameter which is then used to 
determine the relevant updated parameter value for a better numerical frequency estimation. 
The advantage of this process with respect to other numerical updating procedures proposed 
by Baruch, 1978 and Kabe, 1985 and 1990, where the experimental modes are used to 
produce an adjusted stiffness matrix yielding the experimentally measured frequencies and 
mode shapes is that the alteration in the numerical stiffness relates to specific physical 
alterations in the modelling process.
The initial numerical modelling techniques assumed complete fixity at the titanium 
insert/aluminium node interfaces. For the updated model the degrees of freedom between 
the inserts and the node assemblies about the axes shown in figure 6.9 were released and 
replaced by rotation springs. The same springs were included at each location and the 
stiffness values adjusted using the technique discussed above to produce a better numerical 
model based on the experimental natural frequencies. Table 6.6 shows the experimental, 
’old’ numerical and ’updated’ numerical frequencies and it is clear that an improved 
frequency model has been achieved by adjusting the stiffness of the joint locations.
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Although the updating technique employed is capable of matching a set of numerically 
derived natural frequencies with those measured experimentally the required adjustments 
will essentially be structure dependent as is evident by the better correlation between the 
experimental and numerical results for the manufactured antenna. Hence, in this instance 
of developing an antenna structure, it is a better policy to tackle the problem at its source 
and redesign the fixing detail to provide a more rigid connection between the titanium and 
aluminium inserts as discussed in Chapter 3.
6.6 Unit Building Block With Fixed Conditions
The comparison of the numerical frequencies to those measured using the impact hammer, 
figure 6.10, shows that the numerical model overestimates the natural frequencies of the 
fixed system. The predicted values are typically in the order of 30% greater for the lower 
four modes compared to 10% greater for the higher modes. The experimental and 
numerical mode shapes are compared in figures 6.11(a)-(h).
The lower four modes are global modes of vibration corresponding to twisting and rocking 
of the structure from its support point and their respective frequencies are highly dependant 
on the integrity of the fixed support condition.
The error in the predicted values of the lower natural frequencies emphasises the difficulty 
in providing a fully fixed support condition for experimental analysis. The free-free 
analysis of the unit building block showed that the error in frequencies was typically in the 
order of 10%; the same numerical model however overestimates the lower frequencies in 
the fixed case by 30% and it is concluded that a completely fixed support was not achieved 
in practice.
The predictions of the frequencies for the higher modes are consistent with those obtained 
for the structure tested with simulated free-free conditions. These modes are characterised 
by bending of the longer members and are not as susceptible to variations in the support 
stiffness.
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The orthogonality checks for the modes of vibration, obtained using the impact hammer 
and the mechanical shaker, with respect to the numerical modes, are given in tables 6.7 and 
6 .8 .
Table 6.7 shows the orthogonality checks for the lower five modes measured using the 
impact hammer with respect to the predicted modes. The matrix is characterised by large 
off-diagonal terms between the lower four modes. The fifth mode, the first bending mode 
of the longer members and the only mode not particularly sensitive to the fixity conditions, 
is well represented, yielding a diagonal coefficient of -0.89 with off-diagonals less than 
0.12. The second and fourth mode shapes are well represented numerically having 
diagonal coefficients of 0.85. The coefficient for the third mode is not as good, 0.77 and 
the comparison between the first modes is poor. Visual examination of the first and second 
experimental mode shapes reveal that they are very similar, this is further reinforced by 
the coefficient of -0.66 in table 4.20 which shows that the first and second measured modes 
are not orthogonal. Visual comparisons of the remaining experimental and numerical 
modes, numbers two to five are good.
Table 6.8 shows the orthogonality matrix for comparison of the experimental and predicted 
mode numbers five to eight measured using the shaker. The results show that mode 
numbers six, seven and eight have been accurately predicted. The fifth mode measured 
using the shaker does not compare with the fifth numerical mode and visual examination 
of the mode shape, figure 6.11(a), shows that in this experimental analysis the two long 
members were vibrating in phase whereas in the predicted mode and the mode measured 
using the impact hammer, these members are out of phase at resonance.
The analysis of the unit building block in free-free conditions showed that better mode 
shape representation was achieved using the impact hammer and in this instance also the 
attachment of the shaker to the structure has caused one of its modes to be altered.
253
6.7 The Manufactured Antenna
The analyses on the perspex model antenna and the linearised unit building block have 
shown that better mode shape representation and frequency predictions are achieved for 
simulated free-free conditions.
Fully fixed conditions are particularly difficult to achieve in practice; the degree of fixity 
associated with a given support configuration cannot be measured accurately and represents 
an indeterminate variable in the experimental set-up which effects the structural response 
and ultimately the correlation between the tested and numerical models. The manufactured 
antenna was hence considered in free-free conditions only to validate the modelling 
techniques implemented in the numerical analyses.
The antenna was analysed experimentally under two sets of excitation conditions. The 
natural frequencies and mode shapes measured in the respective analyses, (cf tables 4.24 
and 4.25) were compared to eliminate duplicate estimates of the same modes, (cf Table 
4.28), prior to comparison with the numerical results in this section.
The experimental and numerical frequencies are presented in table 6.9 and compared 
graphically in figure 6.6; the experimental and numerical mode shapes are presented in 
figures 6.13(a)-(k).
The distribution of natural frequencies throughout the frequency range considered is the 
same for both sets of results and the graphical comparison shows a linear relationship 
between the two sets of frequencies. The high modal density and the subsequent proximity 
of adjacent modes in the 15-20Hz range, (cf figures 4.43 and 4.44), meant that it was not 
possible to extract a complete set of modes experimentally and hence the number of 
experimental modes extracted from this region is smaller than the number of numerical 
modes.
The percentage difference between the predicted and experimental frequencies, given in 
table 6.9, shows a good relationship between the two sets of results. The predicted values 
are typically within 5% of the experimental results except for the first and third modes
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where they are accurate to 9.3% and 17%. The comparison between the predicted 
frequencies and those determined experimentally is good and the numerical model is seen 
to mirror the natural frequency distribution of the manufactured antenna.
Visual examination of the mode shapes is good. The first four and the sixteenth to 
twentieth predicted modes are compatible with the first four and the twelfth to sixteenth 
experimental modes, figures 6.13(a)-(d) and 6.13(g)-(k) respectively. The intermediate 
modes, determined numerically, are shown in figure 6.13(e) and like the experimental 
modes, figure 6.13(f), these are characterised by combined vibration of the long radial 
members in both analyses.
The orthogonality of the experimental modes with respect to the numerical modes is 
considered in table 6.10. The table shows that there is good numerical representation of 
the experimental modes. The first three modes have respective coefficients of -0.92, 0.91 
and -0.86 with the remaining coefficients for each of these modes typically less than 0.1 
indicating accurate numerical predictions of these modes shapes. The coefficients for the 
higher modes are typically greater than 0.8.
The respective intermediate modes are characterised by moderate cross related terms in the 
orthogonality matrix and there is little interaction with modes outside this range. These 
moderate values, typically in the region of 0.3-0.6 suggest that the experimental modes 
may be combinations of several of the numerical modes due to the fact that the close 
proximity of the numerous modes made the identification of discrete modal parameters 
unreliable in the experimental analyses.
The complete set of results are summarised in table 6.9. The results show that the 
predicted frequencies are typically within 10% of those measured experimentally and that 
the predicted modes are representative of the response of the structure both in shape and 
magnitude indicating that a good numerical representation of the tested structure has been 
achieved.
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6.8 Concluding Observations
Modal analyses have been undertaken for the composite material members with and without 
joint components, a perspex model of the antenna, a composite unit building block of the 
antenna and the full size manufactured antenna using experimental and numerical techniques 
to evaluate the accuracy of the numerical modelling procedures used to idealise the antenna.
The analyses have shown that the natural frequencies and modes of vibration can be 
accurately determined using the numerical methods discussed in chapter 4.
The manufactured antenna has a high modal density between 15-20Hz and multi-point 
excitation techniques would be more appropriate to completely describe the response of the 
structure in this region. The numerical model predicts the same high modal density in the 
same frequency range and furthermore shows accurate representation of both frequencies 
and mode shapes for eigenpairs above and below this range.
The experimental analyses performed for the perspex model antenna and the linearised unit 
building block of the full size antenna have shown that there is better correlation between 
the measured natural frequencies and mode shapes of vibration when tested under simulated 
free-free conditions. This is due to the difficulty, in practice, of providing an adequate 
support arrangement for fully fixed conditions. The lower modes of the unit building block 
were witnessed to be 30% lower than those predicted numerically, for the fully fixed case, 
compared to 10% lower for the free-free case.
Furthermore, the less intrusive nature of the experimental tests undertaken using the impact 
hammer were similarly seen to produce a more orthogonal set of mode shapes and 
consequently better correlation with the numerical modes for these smaller structures. The 
fifth experimental mode of the unit building block was seen to be adversely effected by the 
attachment of the shaker to the structure in fully fixed conditions.
This last point underscores the potential advantages of multi-point excitation for the 
accurate determination of the modes in the 15-20Hz range of the structure. These modes 
are combined vibration of the long radial members and hence it is possible that the
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attachment of the shaker to one of these members is likely to effect the response of certain 
modes thereby altering the measured mode shapes. Judicious placing of a series of shakers 
would ensure that the structure was excited in the degrees of freedom for the respective 
modes in turn and thereby minimising the effect of attaching the experimentation hardware 
to the structure.
In conclusion the numerical model developed for the analysis of the manufactured antenna 
has been shown to reliably predict its natural frequencies and mode shapes under simulated 
free-free conditions and hence its implementation for the analyses of the deployment 
mechanics and the effect of different clearance dimensions in the manufactured joints is 
justified.
6.9 The Effect of Joint Nonlinearities on the Response of the Composite Unit Building 
Block and Antenna
The presence of a small clearance between the sliding collars and the titanium joint 
components was shown to produce a nonlinear response in both the unit building block and 
the full size antenna. The removal of the jointed members, in the case of the unit building 
block, and the fitting of collars with no clearance, in the case of the manufactured antenna, 
was seen to linearise the responses in both instances.
The results of the experimental investigation of the response of the unit building block 
including its nonlinear joints and the numerical examination of the response of the full size 
antenna with varying clearance dimensions in the joint definitions were observed to produce 
opposite effects in terms of frequency deviations.
The effect of increasing the power at which the unit building block was driven by the 
shaker under experimental conditions was seen to result in a reduction in vibration 
frequencies. The converse was observed for the numerical analyses of the full size antenna 
where the vibration frequency was seen to increase with increasing excitation energy and 
decreasing clearance dimensions.
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In the case of the numerical analyses of the full size antenna the effect of increasing the 
excitation produces greater deformation at each joint location and hence the effect of the 
relatively small ’dead zone’ included in the joint definition does not dominate the response 
of the structure. As the excitation energy is reduced the deformation experienced at the 
respective joint locations similarly decreases and the effect of the ’dead zone’ width 
becomes more influential on the overall response of the structure.
The effect of increasing excitation energy on the unit building block examined, (cf figures 
4.16-4.19), showed that the frequency and amplitude of the responses were seen to 
decrease.
On first observation the response of the system appears consistent with a combination of 
velocity and displacement type nonlinearities. In the event that the damping or stiffness 
terms in the equation of motion become amplitude dependent, then so do the resulting 
frequency response functions, Ewins 1984. Figure 6.14 shows the effect on the frequency 
response functions of a system exhibiting a displacement type cubic stiffness subjected to 
increasing force levels. The vibration frequencies reduce as the applied force increases. 
Figure 6.15 shows the effect of a Coulomb friction, a velocity nonlinearity, on frequency 
response functions for increasing force levels. Although the frequencies remain unaltered 
their respective amplitudes decrease as the applied force increases. It is hence feasible that 
the unit building block with some or all of its energy loaded joints may be exhibiting a 
combination of displacement and velocity type nonlinearities causing the vibration 
frequencies to shift due to the displacement nonlinearities, and reduce in amplitude due to 
the velocity type nonlinearities.
Although the possibility of some friction damping existing in the joint cannot be discounted 
it is unlikely that the joint would be capable of exhibiting a cubic stiffness type non- 
linearity as its stiffness is dependant on the stiffness of the collar which would have 
remained linear for the relatively small vibration amplitudes witnessed by the structure.
The results are believed to be a manifestation of a particular type of damping phenomenon 
discussed by Menq et al., 1986, who examined the possibility of microslip occurring 
between two contacting surfaces. Their analyses included a surface type friction contact
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and when the supplied force became sufficient to overcome the friction at one point, only 
part of the surface experienced any motion as the rest of the surface remained locked due 
to the frictional forces. The results obtained from the analytical model considered in that 
study compare favourably with those witnessed for this structure.
It is believed that the inevitable bias introduced into the jointed members due to the 
suspension system and gravitational effects of the structure led to contact between the 
sliding collar and the interior joint components. This contact was progressively alleviated 
at higher forcing levels and the structure witnessed an increased flexibility as the surface 
friction between the contacting surfaces was overcome.
This phenomenon highlights a difficult problem in predicting the dynamic response of a 
structure with nonlinear joint properties. The joints of a real model will inevitably be 
biased to some degree due to different manufacturing tolerances and it was shown for the 
full size antenna that even small changes in clearance dimensions can result in significant 
frequency shifts when the structure is subjected to different loading conditions.
Additionally, the ground testing of such structures, intended for space based applications, 
can be affected by gravitational effects which will not be present during its operational 
lifetime.
The analyses for the full size antenna has shown that there may be some merit in the 
judicious placement of some nonlinear joints. These joints enable the redistribution of the 
vibration energy into modes for which passive damping may have been included in the 
design. It is felt however, that the overall predictability of linear systems and the well 
developed experimental analyses techniques and the envelope solutions, in terms of unique 
natural frequencies and mode shapes, presents a powerful argument for the linearisation of 
the response of the structure.
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6.10 Deployment Tests on the Manufactured Antenna
The reliability of the deployment mechanism is the most important design criteria for 
unfurlable antenna systems for spacecraft applications in geosynchronous orbit as EVA is 
not an option and failure of the system could result in a redundant satellite system.
The deployment mechanism should be repeatable and not cause failure of the structural 
entities.
Three series of deployment test were undertaken for the structure to verify the deployment 
mechanism.
The first deployment test was a manually aided one to verify the transition path between 
the stowed and deployed configurations. The antenna in its stowed configuration is shown 
in figure 6.16(a). The antenna was supported on a stanchion at one of its inner ring nodes, 
the lower node assemblies in the photo. The selfweight of the structure was balanced by 
laboratory attendants supporting the structure at the remaining inner ring nodes. Once the 
antenna was released from its stowed configuration and deployment commenced the 
attendants retreated from the support point along predetermined paths supporting the 
structure. This first test was successful and furthermore the ease at which the structure 
deployed indicated that the joints springs chosen were adequate.
For the second deployment test it was attempted to support the selfweight of the structure 
using helium balloons. Seven six foot inflated diameter helium balloons, capable of 
supporting 3.0kg each, and the stanchion support accounted for approximately two thirds 
of the complete mass of the structure.
This second deployment test was not successful. The transition between the stowed and 
deployed configurations inevitably led to a changed selfweight distribution which caused 
the structure to deform causing some parts of the structure to attain their deployed states 
before others. Furthermore, the connection between the aluminium inserts and the support 
node assembly were not sufficiently strong. The rivet intended to prevent rotation was
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observed to have sheared allowing the member to rotate about its axis which further 
hindered the deployment process.
For the final series of deployment tests the inner ring nodes were supported at ground level 
on rollers. The numerical analyses of the deployment sequence showed that the inner ring 
nodes remain coplanar during deployment and hence the rollers do not supply additional 
restraint to the deploying structure but enable the changing weight distribution of the 
system to be continually supported. Helium balloons were additionally used to support the 
selfweight of the perimeter nodes and the central node. The stowed configuration and 
support arrangement for this test is shown in figure 6.16(b).
The deployment remained sensitive to the selfweight of the system. For the first 
deployment with this support arrangement the antenna almost deployed but the action of 
the helium balloons prevented the perimeter nodes from displacing sufficiently downwards 
and the system came to rest in a partially deployed configuration; however, most 
importantly the deployment remained synchronous as none of the joints locked into their 
deployed states.
This problem was overcome by releasing helium from the balloons until the selfweight of 
the perimeter nodes was just balanced. The antenna was restowed and redeployed 
successfully twice and is shown partially and fully deployed in figures 6.16(c) and 6.16(d).
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Mode Numerical
Shapes 1 2 3
1 0.87 0.02 0.04
E
x 2 0.58 0.77 0.04
P-
3 -0.05 -0.12 0.96
Table 6.1: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition for the Perspex Model Reflector in Free-Free
Conditions.
Mode Numerical
Shapes 1 2 3
1 0.89 -0.11 -0.06
E
X 2 0.12 0.6 0.09
P-
3 -0.03 -0.28 0.86
Table 6.2: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition for the Perspex Model Reflector with Fullly Fixed
Boundary Conditions.
Mode Numerical
Shapes 1 2 3
1
cr>cr>01 o•o 0.06
E
X 2 0.1 0.99 I o • o^ 1
P-
3 -0.02 0.0
cr*0001
Table 6.3: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition the 2.378m Pullwound Tube Suspended in free-Free
Conditions.
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NumericalMode
Shapes
P-
0.97
Table 6.4: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition for the Composite unit Building Block Suspended in 
Free-Free Conditions. (Excitation provided using the Impact Hammer)
Mode
Shapes
Numerical
1 2 3 4 5
1 -0.74 0.06 0.05 -0.07 0.04
2 -0.02 -0.83 0.25 0.17 0.05
E
X 3 -0.11 0.11 -0.47 -0.8 0.13
P-
4 0.15 -0.3 0.24 -0.14 0.04
5 -0.09 0.15 -0.25 0.2 -0.82
Table 6.5: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition the Composite unit Building Block Suspended in Free- 
Free Conditions. (Excitation provided using the Shaker)
Mode
Frequency (Hz)
Experimental
Numerical
No. original updated
1 7.42 8.22
(+11)
7.33
(-1)
2 18.26 20.03
(+11)
20.06
(+11)
3 24.02 26.77
(+11)
23.77
(-1)
4 24.61 27.08
(+10)
24.40
(-1)
5 28.61 32.19
(+12)
28.86
(+1)
Table 6.6: Numerical Frequencies Updated using a Technique Proposed by 
McCulloch, 1988. (Figures in brackets are percentage differences with respect
to the experimental results).
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Mode
Shapes
Numerical
1 2 3 4 5
1 0.32 -0.72 -0.4 -0.2 0.02
2 0.32 0.84 0.26 0.02 -0.07
E
X 3 -0.02 0.48 -0.77 -0.23 -0.02
P-
4 -0.2 -0.18 0.36 -0.85 0.08
5 0.12 -0.03 0.11 0.09 -0.89
Table 6.7: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition for the Lower Mode Shapes of the Composite Unit 
Building Block with Fixed Boundary Conditions. (Excitation provided using the
Impact Hammer)
Mode Numerical
Shapes 1 2 3 4
1 -0.11 0.14 -0.63 -0.23
E 2 0.17 0.93 -0.16 -0.06
X
P- 3 -0.2
00o«oLf)00•01CM•01
4 0.16 -0.03 -0.15 -0.94
Table 6.8: Comparison of Experimental and Numerical Modes using the 
Orthogonality Condition for the Higher Mode Shapes of the Composite Unit 
Building Block with Fixed Boundary Conditions. (Excitation provided using the
Shaker)
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Frequencies (Hz) %
(num/exp)
Mode Shape 
Correlation 
FactorExperimental Numerical
3.87 (1) 4.23 (1) 9.3 0.92
4.92 (2) 5.05 (2) 2.6 0.91
8.13 (3) 9.50 (3) 16.9 0.86
14.84 (4) 15.61 (4) 5.2 0.76
15.78 (5) 15.99 (5) Cross
16.17 (6) 16.13 (6) related
16.29 (7) 16.25 (7) < 5.0 terms
16.52 (8) 16.54 (8)
16.72 (9) 16.6 (9) 0.4-0.6
16.75 (10)
17.11 (10) 16.85 (11) -1.5 0.78
18.12 (11) 17.74 (12) Cross
17.96 (13) < 5.0 related
18.34 (14) terms
18.55 (15) 0.3-0.4
25.27 (12) 25.43 (16) 0.6 0.87
26.25 (13) 25.66 (17) -2.2 0.76
26.99 (14) 28.11 (19) 4.1 0.82
27.5 (15) 27.99 (18) 1.8 0.91
28.52 (16) 29.4 (20) 5.0 0.85
Table 6.9: Summary of Experimental and Numerical results for the 
Manufactured deployable Reflector
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Fig. 6.1 : Relationship between Numerical and Experimental Frequencies 
for the Perspex Model Reflector in Free-Free Conditions
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First Experimental Mode, F = 16.05 Hz
First Numerical Mode, F = 16.85 Hz
Fig. 6.2(a) : Three Dimensional and Plan Views of the First Mode of
Vibration of the Perpsex Model Antenna in Free-Free Conditions
Determined Experimentally and Numerically
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Second Experimental Mode, F = 17.09 Hz
Second Numerical Mode, F = 17.27 Hz
Fig. 6.2(b) : Three Dimensional and Plan Views of the Second Mode of
Vibration of the Perpsex Model Antenna in Free-Free Conditions
Determined Experimentally and Numerically
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Third Experimental Mode, F = 31.21 Hz
Third Numerical Mode, F = 3 1 .29  Hz
Fig. 6.2(c) : Three Dimensional and Plan Views of the Third Mode of
Vibration of the Perpsex Model Antenna in Free-Free Conditions
Determined Experimentally and Numerically
270
Fig. 6 .3  (a) : Plan View of Mode Number Four Predicted Numerically and 
Including the Mass of the Force Transducer (cf fig. 5.1)
1 .1E+02
45.5
OL
0.0E+00
5.7E+01
Frequency (Hz)
Fig. 6 .3  (b) : Frequency Response Function Measured a t the Excitation
Point (cf fig. 4.12)
4.7E-01
<D
T 3
Q.
E<
0 .0E+00 yn
4.3E+01 5.7E+01
Frequency (Hz)
Fig. 6 .3  (c) : Typical Frequency Response Function for the Remaining Five 
Radial Members Indicating No Vibration in this Mode (cf fig. 4 .13)
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Fig. 6.4 : Relationship between Numerical and Experimental Frequencies 
for the Perspex Model Reflector with Fixed Conditions
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First Experimental Mode, F = 3 .56  Hz
x .
First Numerical Mode, F = 3 .94  Hz
Fig. 6.5(a) : Three Dimensional and Plan Views of the First Mode of
Vibration of the Perspex Model Antenna with Fixed Conditions Determined
Experimentally and Numerically
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/ /
»■ ^
/
Second Experimental Mode, F = 4 .79  Hz
Second Numerical Mode, F = 4 .8 0  Hz
Fig. 6.5(b) : Three Dimensional and Plan Views of the Second Mode of
Vibration of the Perspex Model Antenna with Fixed Conditions Determined
Experimentally and Numerically
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Third Experimental Mode, F = 6.23 Hz
if
Third Numerical Mode, F = 6 .04  Hz
Fig. 6.5(c) : Three Dimensional and Plan Views of the Third Mode of
Vibration of the Perspex Model Antenna with Fixed Conditions Determined
Experimentally and Numerically
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Fig. 6.6 : Relationship between the Numerical and Experimental Frequencies 
M easured using the Impact Hammer for the UBB in Free-Free Conditions
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Fig. 6.7 : Relationship between the Numerical and Experimental F requencies 
M easured using the Mechanical Vibrator for the UBB with Fixed Conditions
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First Experimental Mode, F = 7.42 Hz
First Numerical Mode, F = 8 .2 2  Hz
Fig. 6.8(a) : Three Dimensional and Plan Views of the First Mode of
Vibration of the Composite Unit Building Block in Free-Free Conditions
Determined Experimentally and Numerically
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Second Experimental Mode, F = 18.26 Hz
Second Numerical Mode, F = 20 .03  Hz
Fig. 6.8(b) : Three Dimensional and Plan Views of the Second Mode of
Vibration of the Composite Unit Building Block in Free-Free Conditions
Determined Experimentally and Numerically
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Third Experimental Mode, F = 24.02 Hz
Third Numerical Mode, F = 26.77 Hz
Fig. 6.8(c) : Three Dimensional and Plan Views of the Third Mode of
Vibration of the Composite Unit Building Block in Free-Free Conditions
Determined Experimentally and Numerically
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Fourth Experimental Mode, F = 24.61 Hz
Fourth Numerical Mode, F = 27.08  Hz
Fig. 6.8(d) : Three Dimensional and Plan Views of the Fourth Mode of
Vibration of the Composite Unit Building Block in Free-Free Conditions
Determined Experimentally and Numerically
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Fifth Experimental Mode, F = 28.61 Hz
Fifth Numerical Mode, F = 3 2 .1 9  Hz
Fig. 6.8(e) : Three Dimensional and Plan Views of the Fifth Mode of
Vibration of the Composite Unit Building Block in Free-Free Conditions
Determined Experimentally and Numerically
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Fig. 6.9 : Plan View of the UBB illustrating the degrees of freedom 
released and spring locations used to update the FE model
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Fig. 6.10 : Relationship between Numerical and Experimental 
Frequencies for the UBB with Fixed Boundary Conditions
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First Experimental Mode, F = 4 .2  Hz
First Numerical Mode, F = 5 .67  Hz
Fig. 6 .11(a) : Three Dimensional and Plan Views of the First Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Second Experimental Mode, F = 4.4 Hz
Second Numerical Mode, F = 5 .79  Hz
Fig. 6.11(b) : Three Dimensional and Plan Views of the Second Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Third Experimental Mode, F = 4 .6 9  Hz
Third Numerical Mode, F = 6 .14  Hz
Fig. 6.11(c) : Three Dimensional and Plan Views of the Third Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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)/
Fourth Experimental Mode, F = 5.57 Hz
Fourth Numerical Mode, F = 6 .72  Hz
Fig. 6.11(d) : Three Dimensional and Plan Views of the Fourth Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Fifth Experimental Mode, F = 18.46 Hz
Fifth Numerical Mode, F = 19.98 Hz
Fig. 6.11(e) : Three Dimensional and Plan Views of the Fifth Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Sixth Experimental Mode, F = 22.52 Hz
Sixth Numerical Mode, F = 2 5 .12  Hz
Fig. 6.11(f) : Three Dimensional and Plan Views of the Sixth Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Seventh Experimental Mode, F = 23.97 Hz
Seventh Numerical Mode, F = 25 .89  Hz
Fig. 6.11(g) : Three Dimensional and Plan Views of the Seventh Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Eighth Experimental Mode, F = 27.52 Hz
Eighth Numerical Mode, F = 3 1 .14  Hz
Fig. 6.11(h) : Three Dimensional and Plan Views of the Eighth Mode of
Vibration of the Composite Unit Building Block with Fixed Conditions
Determined Experimentally and Numerically
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Fig. 6.12 : Relationship between Numerical and Experimental Frequencies 
for the Manufactured Reflector Suspended in Free-Free Conditions
291
(a) Experimental, F = 3.87 Hz Numerical, F = 4.23 Hz
(b) Experimental, F = 4 .9 2  Hz Numerical, F = 5 .05  Hz
Fig. 6.13 : Comparison of Experimental and Numerical Mode Shapes for
the 5.0m Manufactured Deployable Antenna
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(c) Experimental, F = 8.13 Hz Numerical, F = 9.5 Hz
(d) Experimental, F = 14.84 Hz Numerical, F = 15.61 Hz
Fig. 6.13 : Comparison of Experimental and Numerical Mode Shapes for
the 5.0m Manufactured Deployable Antenna
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F = 16.13  HzF = 15.99 Hz
F = 16 .54  HzF = 16.25 Hz
F = 16.75 HzF = 16.60 Hz
Fig. 6.13(e) : Mode Shapes in the 15-20 Hz Range Determined Numerically
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F = 16.85 Hz F = 17.74 Hz
F = 17.96 Hz F = 18.34  Hz
F = 18.55 Hz
Fig. 6.13(e) contd. : Mode Shapes in the 15-20 Hz Range Determined
Numerically
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F = 15.78 Hz
F = 16.29 Hz
F = 18 .12  Hz
Fig. 6.13(f) : Typical Modes Determined Experimentally in the 15-20Hz
Range
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Numerical, F = 25 .43  Hz(g) Experimental, F = 25 .27  Hz
(h) Experimental, F = 26 .25  Hz Numerical, F = 25 .66  Hz
Fig. 6 .13  : Comparison of Experimental and Numerical Mode Shapes for the 
5.0m  Manufactured Deployable Antenna
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(i) Experimental, F = 26.99 Hz Numerical, F = 28.11 Hz
(j) Experimental, F = 27.50  Hz Numerical, F = 2 7 .99  Hz
Fig. 6 .13  : Comparison of Experimental and Numerical Mode Shapes for the
5.0m Manufactured Antenna
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(k) Experimental, F = 28.52 Hz Numerical, F = 29.4 Hz
Fig. 6 .13  : Comparison of Experimental and Numeriacl Mode Shapes for the
5.0m  Manufactured Antenna
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Fig. 6.14 : Effect of Increasing Excitation Energy on a System  
Exhibiting a Cubic Stiffness Type Nonlinearity
Increasing Energy
CD
TJ
3
Q.
E<
Frequency (Hz)
Fig. 6.15 : Effect of Increasing Excitation Energy on a System  
Exhibiting Coulomb Friction
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Fig. 6.16 (a) : The Stowed Antenna
Fig. 6.16 (b ) : The Support Arrangement for the Deployment Tests
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mm
Fig. 6.16 ( c ) : The Partially Deployed Antenna
Fig. 6.16 (d ): The Deployed Antenna
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Chapter 7 : Conclusions and Recommendations fo r Future Work
7.1 Conclusions
The potential for large antenna systems operating in space has been identified and a new 
deployable skeletal antenna structure has been conceived.
The proposed concept offers significant advantages over previously manufactured 
deployable systems; its fewer mechanical devices produce a simpler deployment mechanism 
resulting in a reduced potential for mechanical failure and in addition its lower part count 
translates to savings in manufacturing and fabrication costs.
A full scale deployable prototype, manufactured from carbon fibre reinforced polymer 
composite material structural members, aluminium node assemblies and titanium energy 
loaded joints illustrated the deployment sequence and validated the numerical modelling 
techniques by comparison with experimental results.
The modelling of the deployment sequence, in parallel to the manufacture of the prototype, 
identified two requirements, (namely that deployment should be undertaken in two stages 
and that the member axes of all members joined at the respective node assemblies should 
intersect at a point), which ensured that the proposed concept behaved as a synchronously 
deployable single degree of freedom mechanism in the transition phase between the stowed 
and deployed configurations.
The single degree of freedom deployment mechanism, which by definition is capable of 
unfurling under any set of deploying forces, allows the system to unfurl in the event of 
single or multiple joint failure as the remaining operative joints, provided adequate margins 
have been included for frictional forces, will enable the structure to deploy.
In the event that the above two requirements were not satisfied, it would be possible to 
theoretically derive a unique distribution of deploying forces such that the system could 
unfurl, however, this type of solution would not be viable in practice. The deployment 
forces generated and the inherent frictional forces would inevitably vary, from joint to
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joint, due to manufacturing tolerances causing deviations from the required force 
distribution and potential failure of the deployment mechanism.
The design constraint identified for the node assemblies of the deployable system was 
incorporated in the manufacture, and the structure was assembled with its inner ring 
members rotated through ninety degrees. Tests on the manufactured structure were 
subsequently undertaken to prove, in practice, the more complicated second stage of 
deployment.
These deployment tests identified the difficulty of ground testing deployable systems 
intended for applications in space. Initially the manually aided deployment tests illustrated 
that the structure was capable of achieving its deployed state from the stowed configuration, 
and in subsequent tests the effects of the gravitational attraction of the earth on the structure 
was countered by the provision of helium balloons attached to the node points of the stowed 
system. It did not, however, prove possible to continually support the changing mass 
distribution of the deploying system. In the event, an examination of the numerically 
predicted deployment sequence showed that the inner ring nodes remained coplanar during 
deployment thus allowing the provision of roller supports at these locations in conjunction 
with helium balloons at the remaining node points.
For larger more complicated deployable systems the provision of such external supports 
may not prove possible and could furthermore artificially aid the deployment process 
leading to misleading test conclusions.
The potential difficulties in ground testing larger deployable systems is thus likely to limit 
the size of future deployable systems. Erectable structures or modular deployable units, 
assembled in orbit to configure the complete structure, appear more viable alternatives for 
the large structures, with typical dimensions up to 300m, intended for solar power stations 
and experimentation platforms in space.
Experimental modal analyses undertaken to identify the dynamic characteristics of a 
perspex model, a unit building block of the full size structure and the manufactured antenna 
illustrated that the in-orbit response of a structure in the zero gravity environment of space
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could be reliably predicted by supporting the candidate structures using a flexible 
suspension system.
The perspex model and the composite unit building block were analysed in simulated free 
free conditions and with fixed boundary conditions.
The comparisons between the experimental and numerical results for these two models 
identified simulated free free support conditions as the optimum for experimental modal 
analyses irrespective of whether the structure is intended for ground or space based 
applications. For the analyses with fixed boundary conditions it did not prove possible to 
determine the exact degree of fixity achieved in practice resulting in less accurate numerical 
modelling of the natural frequencies and modes of vibration.
The response of these relatively lightweight models were furthermore witnessed to be 
sensitive to the excitation techniques employed. The attachment of the mechanical vibrator 
to the perspex model destroyed the symmetry of the higher modes and altered the natural 
frequencies. The correlation between the experimental and numerical modes of vibration 
obtained for the composite unit building block was improved when excitation was provided 
by the impact hammer.
The levels of damping predicted for the unit building block were sensitive to the attachment 
of the shaker and the relatively coarse frequency resolution necessary when analysed using 
the impact hammer, consequently, an alternative non-intrusive acoustic excitation technique 
was developed.
The test structure was excited in each of its respective resonance modes and the modal 
damping factors were determined from the free decay of the response waveform. This 
technique was seen to accurately predict the natural frequencies and furthermore provided 
reliable and repeatable estimates of the modal damping factors.
The non-intrusive nature of acoustic excitation would be particularly attractive for the 
experimental determination of the natural frequencies of extremely flexible systems, where 
the attachment of a mechanical shaker alters the structural response and where the
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implementation of an impact test becomes impractical due to the relatively small inertia of 
the test object. Although it would not be possible to predict the modes of vibration of the 
test object, because of the omnidirectional excitation energy of the generated sound waves, 
the technique could be reliably employed to measure natural frequencies and modal 
damping factors for comparison with values predicted numerically.
Initial experimental responses for the jointed composite unit building block and the 
manufactured prototype indicated significant structural nonlinearities. The energy loaded 
joints were isolated as the source of the nonlinearities by successive removal of jointed 
members, in the case of the unit building block, and by modelling the effects of a tapered 
joint design for the manufactured antenna, which restored the essential attributes of 
amplitude scaling and response superposition associated with modal analysis.
Numerical investigations identified that the effect of the joint nonlinearities in deployable 
systems could be reduced by increasing the manufacturing tolerances and thereby 
minimising the clearance between the sliding collars and the joint components. 
Furthermore, it was observed that strategic location of nonlinear joints which leads to 
redistribution of the vibration energy, could be beneficial in instances where passive 
damping for certain modes may have been included in the design.
The predicted vibration frequencies were, however, shown to be sensitive to the excitation 
energy and to even small changes in the joint clearances which, coupled with inevitable 
variations in the manufactured components, would make the final structural response 
impossible to predict. The envelope solution of unique natural frequencies and modes of 
vibration, irrespective of the excitation energy, associated with linear structures represents 
a powerful incentive for seeking to linearise the structural response.
The accurate numerical representation of the measured natural frequencies and modes of 
vibration for the linearised manufactured antenna suspended in a simulated free free 
environment illustrated that idealised isotropic models of the orthotropic material properties 
of the carbon fibre reinforced polymer structural members are sufficient to model the 
dynamic response of skeletal systems. The lower modes of vibration of skeletal structures, 
in which the dynamic analyst is primarily interested, are generally characterised by bending
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of its constituent elements and hence only the modulus of elasticity along the axes of the 
members is required for inclusion in the numerical analyses resulting in less complex and 
time intensive computational analyses.
7.2 Recommendations for Future Work
The second, more complex, deployment stage of the proposed antenna has been analysed 
numerically and illustrated in practice. Further research is required to develop a simple 
and reliable mechanism to reorientate the stowed inner ring members of the system prior 
to unfurling the structure.
Currently the jointing techniques implemented by the various deployable systems include 
metallic components. The mass of such systems, and hence the launch costs, would be 
further reduced by inclusion of mechanical components manufactured entirely from 
composite materials. The inclusion of composite node assemblies and member end 
components in the prototype would result in a mass saving of approximately 40%. 
Furthermore the manufacture of the node assemblies and their respective inserts, from 
composite materials, as single entities, using such techniques as injection moulding would 
additionally result in smaller components and a reduced stowed volume. Larger deployable 
systems could hence be launched subject to the same stowed volume restraints.
The application of the tapered joint design, used to linearise the response of the deployable 
prototype, requires verification by its inclusion in a mark II model of the system. 
Fabrication considerations may dictate that an elastomeric material, compatible with the 
demands of the hostile space environment, should be included in the joint to provide the 
necessary flexibility during the deployment sequence while maintaining a linear response 
in the deployed configuration.
The technology associated with the reflective surfaces of deployable systems remains 
immature. Typically woven mesh surfaces are employed to achieve the required reflective 
profile. Solid surfaces offer increased surface accuracy and enhanced structural
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performance due to the additional stiffness imparted to the structure. Efficiently stowed 
solid surfaces suitable for large antennas remain to be developed.
The materials employed for structures intended for spacecraft applications require further 
development and analyses. The new high technology thermoplastic composites which offer 
improved resistivity to the space environment require further processing before they can 
replace the traditionally employed thermosets. The fabrication techniques associated with 
the viscous thermoplastics are more suitable for the manufacture of plate type structures 
and elements and novel techniques are required to enable the production of cost effective 
and efficient tubular members.
Many deployable concepts are still in their infancy and continued research is essential for 
these systems to mature and overcome the setbacks with which they will inevitably be 
fraught.
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